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The thesis entitled "Studies on Fibrous Ion-Exchangers: Synthesis, 
Characterization and Analytical Applications" comprises of four chapters. The 
Chapter-1 is entitled as 'General Introduction'. It takes into account the theory 
and practice of different type of ion-exchangers in the context of the present day 
problem of environmental pollution. A thorough survey of literature of last fifteen 
years on the fibrous ion-exchangers is incorporated with a view to highlight the 
new technological possibilities. 
Fibrous ion-exchangers have been of recent origin. Fibrous ion-exchange 
materials have drawn the attention of researchers and experimentalists as they 
exhibit high efficiency in the process of sorption from liquid and gaseous media. 
These materials can be used in the form of various textile goods, such as conveyer 
belts, non-woven materials, staple, nets and cloth etc. This may open new and 
novel possibilities, of using these materials in various industrial applications and 
in environmental analysis. These materials have dominated the field because of 
their uniformity chemical and thermal stability, selectivity for metal ions and 
ability to control resin properties by synthetic procedures. 
The Chapter-2 is entitled as 'Synthesis, Ion-Exchange Characterization 
and Analytical Applications of Acrylamide Cerium (IV), Thorium (TV) and 
Tin (TV) Phosphates'. Chemical methods of synthesis play a crucial role in 
designing and discovering novel materials. In this chapter, some new and novel 
ion-exchange materials acrylamide cenum (IV), thorium (IV) and tm (IV) 
phosphates (AACeP, AAThP and AASnP) are prepared by the usual precipitation 
method mvolvmg tetravalent metal acid salts and heteropoly^cid along with some 
polymenc material which form matrices after the basic treatments such as 
filtration, washmg, sievmg and regeneration to the 1.^  ' ^^ -n form 
The ion-exchange characterization of these matenaL "" studied by fmdmg 
their ion-exchange capacity for various metal ions, iCCiilration behaviour, 
elution behaviour, pH titrations and distnbution studies 
The distribution behaviour of the metal ions reported m Tables 1 (a), 2(a) and 
3(a) m different acid media shows a high selectivity of "l\e .\ACeP for Hg(II) 
AAThP has been found selective for Pb(II) ions and A -* '^ . "^  has been found 
selective for Hg(II) ions Based on the differential selectivity towards various 
metal ions, a few bmary separations have been earned out as shown m Fig (1,2,3) 
The • importance of the ion-exchange materials is . ^ i from the bmary 
separations earned out successililly on the exchanger column and also quite 
helpful for the environmentalists as the mdustnal waste often consists of such 
mixture combmations Tables 1(b), 2(b) and 3(b) show the results of binary 
separations performed on a column of acrylamide cenum (i V), thonum (IV) and 
tm (IV) phosphates 
Table 1(a) Kj values of some metal ions on acrylamide cc, iv^ (V/) \.''-'""^hute in 
DMW, hydrochloric acid, nitric acid and perchloric acid v^" "~ 
Metal 
ions 
Mg(II) 
Caai) 
Sr(II) 
Baai) 
pbai) 
Mn(II) 
Cdai) 
cuai) 
Co(ll) 
Hgai) 
Ni(II) 
CraiD 
DMW 
3333.3 
4900 
963.6 
3700 
2220 
2081 
1158 
458.0 
3042.8 
7466.6 
1418.7 
36.3 
0.01 M 
1187.5 
3000 
875 
2757 
1264.7 
1400 
828.5 
2500 
1366.7 
7466.6 
1178.0 
36.3 
H Q 
0.1 M 
984.2 
2757.1 
735.7 
2475 
802.7 
860 
550 
1200 
1194 
3683 
1115 
25 
IM 
662.9 
1233 
317.8 
1772.7 
802.7 
700 
290 
800 
1122 
3683 
1095 
25 
0.01 M 
2188 
614.2 
515.7 
1772.7 
1833 
1746 
457 
2240 
1592 
5575 
1635 
50 
HNO3 
O.IM 
1273 
506.0 
200 
880.9 
1684.6 
1400 
387.5 
1060 
947.6 
5575 
1178.9 
50 
IM 
795.6 
41-1 
88.7 
79J .6 
1264.7 
1042.8 
230 
C36 
947.6 
3633 
1057 
25 
f > i - , 1 » ' • 
:'J4?.6 
525 
1387 
1''^''6 
28"0 
( • ' ! 0 
• ' ' .0 
nt -
S57: 
1635 
£ 
HCIO* 
M M 
1616 
506.0 
:6S 
U11.7 
?2 
1614 
c-y.i 
iH31 
1:22 
5575 
1418 
25 
IM 
930 
505 
234.2 
880 
673.3 
860 
343 
735 
1000 
3142 
1250 
25 
Table 1(b) Binary separations of metal ions achieve ' 
phosphate columns. 
•yfaniide ' im (TV) 
S.No. 
1 
2 
3 
4 
Separation 
achieved 
M, Mj 
Ni(n)-Hg(iD 
cdai)-Hg(iD 
pbai)-Hg(ii) 
Pbai)-Cd(II) 
Amount loaded 
M, 
4579.56 
4164.34 
4968.15 
4968.15 
M j 
4470.89 
5504.56 
5504.56 
4164.34 
Amount found 
M, 
4470.89 
4395.96 
4843.94 
4968.15 
M2 
5504.56 
5254.35 
5254.35 
3932.99 
Erroi (%) 
M, 
-2.38 
+5.5 
-2.5 
0 
E.n. .it -J2d 
P . . 
0 
-4.54 
-4.54 
-5.5 
"f. :0.1MHC1 
Hg: i M HCl 
+ 
IMNH4CI 
Cd:lMHN03 
: 'g : lMHCl 
+ 
IMNH4CI 
Pb:0.1MHClO4 
Hg: 1 M HCl 
+ 
1 M :-IH4Cl 
rb:0.1MrC104 
Cd: 1 M HNO, 
Volume 
of eluent 
(ml) 
40 
50 
40 
50 
40 
50 
40 
40 
Table 2(a) K<i values of some metal ions on acrylamide 
in DMW, hydrochloric acid, nitric acid » 
'^r-h-»*phate 
Table 2(b) Binary separations of metal ions achieve^ 
phosphate columns. 
Metal 
ions 
Mg(II) 
Caai) 
Sr(n) 
BaGD 
Pbai) 
Mn(II) 
CdGD 
CuGD 
Coai) 
Hgai) 
Niai) 
FeGII) 
Crail) 
DMW 
320 
150 
540 
520 
2100 
140 
133.3 
90 
1050 
3900 
1900 
700 
60 
0,01 M 
200 
150 
540 
416.6 
2100 
140 
162.5 
76.6 
1050 
1900 
1800 
700 
66.6 
HCl 
0.1 M 
162.5 
130.7 
433.3 
342.8 
1000 
100 
133.3 
5.5 
475 
1900 
1700 
700 
53.8 
IM 
133.5 
114.2 
357 
342.8 
633.3 
84.6 
133.3 
400 
360 
1900 
1700 
700 
33.3 
0.01 M 
200 
200 
700 
416.6 
2100 
380 
200 
80 
475 
1900 
1700 
700 
73.9 
HNOj 
O.IM 
200 
150 
540 
210 
2100 
242.8 
162.5 
60 
283.3 
1700 
1600 
700 
53.8 
IM 
133.: 
i i 4 . i : 
433.3 
210 
2100 
140 
133 
50 
187.5 
1700 
1600 
70G 
^. .3 
,^ „ - , , . 
k A 
275 
700 
244.4 
2100 
118 
162.5 
70 
66.6 
1900 
160C 
'^n.ri 
:o 
HCIO4 
0.1 M 
90.9 
200 
510 
210 
2100 
ilO 
110 
60 
475 
1900 
1500 
700 
i C6.6 
IM 
75 
150 
540 
210 
1000 
71.42 
90.9 
60 
475 
1900 
1500 
700 
37.9 
^ .norium •//) 
S.No. 
1 
2 
3 
4 
5 
Separation 
Achieved 
M, Mr 
CdQl) -PbGD 
Mg(ID-PbaD 
HgdiyFbQD 
CuQl) - Pb(ID 
Cdai)-Cu(ID 
Amount loaded 
(U2) 
M, 
1943.36 
1615.38 
2001.6 
1014.72 
1943.63 
M, 
2185.98 
2185,98 
2185.98 
2185.98 
1014.72 
Amount found 
fug) 
M, 
1850.82 
1576.92 
1901.57 
942.24 
1943.63 
M, 
2185.98 
2086.62 
2136.30 
2185.98 
978.98 
Err-: 
M. 
-4.76 
-2.38 
-5.0 
-7.1 
0 
•(•/.) 
it? 
0 
-4.54 
-2.27 
0 
-3.5 
L .^,...t .-StJ 
caio.o: iHNa 
M ^ . a . r . h .1C4 
Pb: KviHNO, 
FD: IK-h JO3 
Cu:0.1MI--C).O4 
?b:lMHN03 
Cd:0.01M 12^03 
Cu:0.1MKClO4 
Volume 
of eiuent 
(ml) 
40 
40 
50 
40 
40 
40 
30 
50 
40 
53 
Table 3(a) Kj values of some metal ions on acrylamide tin (TV) phosphate in 
DMW, hydrochloric acid, nitric acid ap-" .^rchloric acid media. 
Metal 
ions 
Mg(II) 
CaGI) 
Sr(n) 
Baai) 
Pbai) 
Mn(II) 
Cdai) 
cuai) 
coai) 
Hgai) 
CraiD 
DMW 
400 
1000 
500 
300 
583.33 
1750 
160 
1700 
1400 
2900 
12.5 
0.01 M 
180 
560 
275 
200 
580 
825 
160 
1700 
1400 
2900 
10.5 
HCl 
O.IM 
108.3 
560 
328 
150 
410 
640 
116.4 
1700 
650 
1400 
8 
IM 
78.5 
230 
328 
100 
115.78 
230.3 
44.4 
1700 
1100 
1400 
3.8 
0.01 M 
525 
450 
500 
150 
485.7 
640 
85.71 
1700 
650 
2900 
5.8 
HNO3 
O.IM 
400 
312.5 
328 
60 
355 
362.5 
85.71 
1700 
500 
2900 
3.8 
IM 
470.5 
175 
233 
5C 
192.8 
362.5 
62.5 
800 
650 
1400 
1.3 
0.01 M 
:)2J 
2 :0 
328.5 
75 
583.5 
416.6 
4^-/4 
900 
1400 
5900 
3.8 
HCIO4 
O.IM 
400 
'%.25 
275 
60 
485.7 
416.6 
30 
750 
650 
5900 
1.8 
IM 
127.5 
83.33 
172.7 
50 
350 
428.5 
16.66 
700 
650 
5900 
0 
Table 3(b) Binary separatic "*" •^ '»tal ions achieved "T 
phosphate columns. 
-"'- je vn (IV) 
S.No. 
1 
2 
3 
4 
Separation 
achieved 
M, Mt 
cdai)-Hg(ii) 
Pbai)- Hg(n) 
Sr(n)-Hg(II) 
CdaD-PbGD 
Amount loaded 
fUfi) 
M, 
1465.20 
2697.6 
1481.43 
1465 
M2 
2521 
2521 
2521 
2697.68 
Amount founu 
(utL) 
M. 
1426.6 
2613 
1481.43 
1426.67 
M j 
2353.47 
2521 
2479.5 
2613.3 
M, 
-2.62 
-3.12 
0 
-2.62 
»». 
-6.64 
0 
-1.6 
-3.1 
Eluent used 
Cd: O.IM HCl 
HaiO.lMNHiNO, 
Pb:C.lMHC!04 
Hg:0.1MNH4NO, 
GrO.OlMHClO^ 
Hg-.G.IM NHtNOj 
Cd: O.IM HCl 
Pb:0.1MHClO4 
Volume 
of 
eluent 
fml) 
30 
40 
40 
40 
40 
50 
30 
40 
a 
UJ 
«• -
o 
0; 
6 
o 
0 20 AO 60 80 100120 0 20 AO 60 60 100 120 
C d ( I I ) 
20 AO 60 80 100 120 0 20 AO 60 80 100 i20 
Volume of e f f l u e n t ( m l ) 
Fig. 1 Separation of Ni(II) .Hg(II); Cd(II)- Hg(II); Pb(II) - Hg(II); - Cd(II) on 
acrylamide cerium(IV) phosphate cohimns: 
(a)O.l M HCl; (b,d,f)l M HCI + 1 M NH4CI 
(e,g) 0.' M HCi04; (c,h) 1 M HNO3 
1.2 
1.0 
0.8 
0.6 
O.A 
0.2 
, c 
- Mg(II) 
• i 
r 
\ Mv 
1 , ^ 
, 0 , 
Pbd l ) 
k 
\ 
\ l\ 0 20 «0 60 80 100 0 20 AC 60 80 100 
e 
<" 
t -
o 
«^ 
o 
a> 
6 
"o 
> 
0 20 40 60 80 100 
i . i 
o 
UJ 
o 
» 
e 
2 
o 
> 
0 20 40 60 ttO 100 
Volume oleHluent (ml) 
0 20 AO 60 80 100 120 
Volume of eft luent{ml) 
Fig- 2 Separation of Cd(II)-Pb(II); Mg(II)-Pb(II); Hg(II)-Pb(II); Cu(II)-
Pb(II); Cd(II)-Cu(II) on acrylamide thorium(IV) phosphate columns: 
(b,d,f,h) IM HNO3 ; (c,g,j )0.1 M HCIO4 ;(e) 0.1 M HCl; (a,i) 
O.OIMHNO3 
< 
a 
U) 
• • • 
o 
E 
3 
> 
1.6 
1.4 
1.2 
1.0 
0.8 
0.6 
0.4 
0.2 
0 
-
-tCd(ll) 
-R 
l\ 
\ 
\ 
,Hg(II ) 
o 
"o 
E 
o 
o 
> 
20 40 60 80 100 20 40 60 80 100 
Volume of effluent (m 1) 
20 60 60 80 100 20 40 60 80 100 
Volume of effluent (m l ) 
Fig. 3 Separation of Cd(II) -Hg(II); Pb(II)-Hg (II); Sr(II) -Hg(II);and Cd(II) -
Hg(II) on acrylamide tin(IV) phosphate colunins:(a,g)0.1M HCl ; 
(b,d,f) O.IM NH4NO3; (c,h) 0.1 M Ha04; (e) C.Ol M Ka04 
The Chapter-3 is entitled as Thysicochernical Characterization of 
Acrylamide Cerium (IV), Thorium (IV) and Tin (IV) Phosphates'. In the 
present chapter, acrylamide cerium (IV), thorium (FV) and tin (IV) phosphates 
have been characterized using instrumental methods o"^  'ysis. Characterization 
of a material by various techniques gives us an idea about the property and 
structure of the compounds. This intum gives an iixsight about probable 
applications that could be explored by using these materials. These materials have 
been characterized by physicochemical methods sucli i j ili. i.iial analysis (TGA, 
DTA and DSC), spectral analysis (ER, X-Ray). The chemical composition of these 
materials has been determined by atomic absorption spectrometry, ultra-violet 
spectrometry, elemental analysis (C, H, N) that helps in ' ^^ermining the mole ratio 
and the tentative formulae. The SEM studies are done with ". view tc characterize 
the surface behaviour of these materials. 
On the basis of their chemical analysis (T K<, \, 1.= molar composition 
of Ce(IV): PO^ : CHziCHCONHj m the AACeP, Th,. , , . , -^ : CHziCHCONHj 
in the AAThP and Sn(IV): ?0]- iCHaiCHCONHj in the /^ .SnP were found to be 
1:3:8, 1:3:7 and 1:3:7 respectively, suggesting the follo\ ig tentative formulae: 
[(Ce02)(H3P04)3(CH2:CHCONH2)]8 nH20 
[(ThOz) (H3P04)3(CH2:CHCONH2)]7- nH2O 
[(SnOz) (H3P04)3(CH2:CHCONH2)]r nH2O 
10 
Table 4 Composition of acrylamide cerium (IV)) thorium (IV) and tin(rV) 
phosphates. 
Material 
AACeP 
AAThP 
AASnP 
Weight of the 
material(mg) 
100 
100 
100 
Millimoles of tl. 
Ce(IV) 
0.21 
Th(IV) 
0.155 
Sn(rV) 
0.23 
PO^ 
0.70 
po:-
0.642 
PO'; 
0.678 
C 
0.016 
c 
0.063 
C 
0.013 
H 
1.62 
H 
1.34 
11 
1.6 
ent 
N 
0.077 
N 
0.09 
N 
0.06 
Mole ratio 
Ce:POj-:AA 
1 :3 : 8 
Th.PO',-:AA 
1 : 3 : 7 
Sn: PO',- :AA 
1 : 3 :7 
The Chapter-IV is entitled as 'Ion-Exchange Kinetics of A".:.i;ne Earth 
Metal Ions on Acrylamide Cerium (IV), T'"-.-ium (IV) and Tin (TV) 
Phosphates'. In the present chapter a new method h"' '^  •' ' ' .^ ed in the study 
of kinetics of ion-exchange which has eliminates' -3 eld Bt criterion in the 
evaluation of various kinetic parameters. Knowledge of ki'" .;tics of ion-exchange 
enables us to understand the viability of an exchange material in separation 
technology for the evaluation of various kinetic ".£, the old Bt 
criterion was used for such a study, which is best applicabu lor in ion-exchange 
process and not for a true ion exchange process for which ttie Nemst-Planck 
equations are more appropriate. 
11 
The kinetic parameters are important to understand the mechanism on the 
surface during ion-exchange process for which knowledge of the dimensionless 
time parameter x, for the various mobility ratio is >,iitial and makes the 
calculation much easier. 
In the past, the practice has been to determine the x by graphical method, 
which was not accurate. Also it is not applicable to a true ion-exchange process. 
The present study illustrates a novel procedure for such an evaluation, which is 
based on the explicit expressions given by Helfferich -.J represents true ion-
exchange process. Various useful kinetic parameters such as self diffusion 
coefficient (Do), energy and entropy of activation (Ea und i.3*) have been 
evaluated and a correlation has been made of those ^ .i^ -iw/s with the ion-
exchange characteristics of the materials. The results are suuunarized in Tables 5,6 
and 7. 
12 
Table 5 Values of the self-difTusion coefficients, ^y of 'ctivation and 
entropy of activation for the exchange of 1VI(E' - H(I) on acrylamide 
cerium (IV) phosphate. 
Migrating 
ion 
Mg(n) 
Ca(n) 
Sr(n) 
Ba(II) 
Ionic 
mobility 
(mV's"' 10*) 
55 
62 
62 
66 
Ionic 
radii 
(nm) 
0 078 
0 106 
0 127 
0 143 
Hyd rated 
ionic 
radii(nm) 
0310 
0 200 
0 180 
0 150 
'^0 
(m',') 
8x10'' 
4 67x10"' 
2 51x1 ; ' 
0 63x10'^ 
F 
(KJ TlOl )^ 
9 95 
915 
8 89 
6 03 
-
AS* 
(jK%or^) 
-51 29 
-55 87 
-6104 
-72 53 
Table6 Values of the self-diffusion ct -..'..«^. -jf 
entropy of activation for the exchange ^ 
thorium (IV) phosphate. 
•V *ion and 
y!amide ^ o ** 
Migrating 
ion 
Mg(II) 
Ca(II) 
Sr(n) 
Ba(II) 
Ionic 
mobility 
(m V ' s ' 10*) 
55 
62 
62 
66 
Ionic 
radii 
(nm) 
0 078 
0 106 
0 127 
0 143 
Hydrated 
ionic 
radii(nm) 
0310 
0 200 
0 180 
0 150 
Do 
(m' s-') 
3 54x10-' 
3 16x10-' 
149x10"' 
1 18x10'' 
E, 
::.< mol') 
9 79 
9 54 
8 62 
8 48 
AS* 
(JK'mol*) 
-58 18 
-59 61 
-65 34 
-67 31 
13 
Table? Values of the self-diflusion coefTicients, energy c*" actwation and 
entropy of activation for the exchange of M'lr, - 1^ (1) CA acrylamide tin 
(TV) phosphate. 
Migrating 
ion 
Mg(n) 
Ca(II) 
Sr(n) 
Ba(II) 
Ionic mobility 
(m* V's'lO*) 
5.5 
6.2 
6.2 
6.6 
Ionic 
radii 
(nm) 
0.078 
0.106 
0.127 
0.143 
Hydrated 
ionic 
radii(nm) 
0.310 
0.200 
0.180 
0.150 
D„ 
(m^s-') 
22.9x10"' 
19.9x10'^ 
1.58x10' 
3.63x10' 
2a 
(XJ mo!') 
12.33 
12.19 
12.02 
9.51 
AS* 
(JK"'mor') 
-42.65 
-43.78 
-45.72 
•57.97 
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General Introduction 
Chemistry is a study of substances, their properties, structure and 
transformations. Chemists study what substances are made of and how they are 
combined to make new materials. Generally, one thinks that chemistry involves 
experiment and analysis but it is more than that. Early chemistry, called alchemy 
was a mixture of magic and guess work. Practitioners of alchemy, or alchemists as 
they were called tried to make gold from other cheap metals. Alchemists also tried 
to find an elixir, which they thought would prolong life indefinitely. The alchemists 
failed in both these attempts. However, they discovered many new materials. Thus, 
alchemists prepared the groundwork for laying the foundation of modem 
chemistry. 
The scope of chemistry is immense. It covers the entire material universe, 
living and non-living. It affects our understanding of all that happens aiound us. In 
a sense everything is chemistry. The understandings of chemistry is essential to 
appropriately respond to the problems of the modem world like enviromnent, 
degradation, scarcity of food for the growing population and so on. Today, there aie 
number of branches of chemistry-analytical, inorganic, organic, physical and 
biological, which are being taught as independent disciplines. Although there was 
always a certain overlap among these simple categories it was not difficult to define 
the branches in terms that they are acceptable to most chemists. After World War 
II, there has been a general blurring of the defined branches of chemistry. Actually, 
the boundaries between chemistry itself and other major sciences are considerably 
less clear than they used to be. 
Analytical chemistry is concerned with the theory and practice of methods 
used to determine the composition of matter. In developing methods the analytical 
chemists feel fi-ee to draw upon the principles fi-om any field of science -
chemistry, physics, biology, engineering, computer science etc. For example, 
instruments developed by physicists such as mass spectrometer. X-ray 
diffractometer and the IR spectrometer have found wide applications in solving 
analytical problems. 
A chemical analysis may be Qualitative or Quantitative in nature. The 
former deals with the chemical identification of samples and latter with the 
determination of relative amounts of constituents. Qualitative information is almost 
invariably required before carrying out quantitative analysis of a given sample of 
matter. 
Prior to a chemical analysis, separation of different constituents in a given 
sample is the primary concern of an analytical chemist. The classical methods used 
for the separation include distillation, extraction, precipitation, crystallization, 
dialysis, diffusion etc. Chromatography, ion-exchange and electrophoresis are the 
modem analytical techniques. The most important advantage of these techniques is 
that they can be performed by using the modest and inexpensive equipment. They 
are simple and versatile and are useful in the separation of substances with similar 
properties in trace amounts. The separations of rare earths, radioactive elements, 
amino acids, sugars and other closely related compounds may be cited as examples 
of their typical uses in analytical chemistry. 
The first description of a chromatographic separation [1] was provided in a 
paper published in 1906 by Michael Tswett, a Russian botanist at the University of 
Warsaw for the separation of various leaf pigments. Chromatography is a physical 
method of separation, in which the components to be separated are distributed 
between two phases, one constituting a bed of large surface area and the other 
being the fluid that percolates through or along the stationary bed [2]. The 
stationary phase may be solid or a liquid and moving phase may be a liquid or gas. 
Based on this principle the various chromatographic methods may be summarized 
as shown in Table 1.1. 
Out of these various chromatographic methods, ion-exchange has attained 
wide applications in practice. The phenomenon of ion-exchange is not of recent 
origin. The earliest reference of ion-exchange was found in the Holy Bible. Moses 
succeeded in preparing drinking water from brackish water by ion-exchange [3]. 
Table 1.1 Various chromatographic techniques used in analytical chemistry 
CHROMATOGRAPHY 
Liquid Chromatography (LC) 
(Liquid carries the dissolved solute 
through the sorbent column, paper or 
thin laver^ 
Gas Chromatography (GC) 
(An inert wash gas carries the gaseous 
mixture through the sorption column). 
Liquid-Solid 
Chromatography 
(LSC) 
Liquid-Liquid 
Chromatography 
(LLC) 
Gas-Solid 
Chromatography 
(GSC) 
Gas-Liquid 
Chromatography 
(GLC) 
Column 
Chromatography 
Non-column 
Chromatography 
Paper 
Chromatography (PC) 
Normal phase 
Chromatography 
(Fixed polar liquids) 
Reversed phase 
Chromatography 
(Fixed non-polar liquids) 
Thin-layer 
Chromatography (TLC) 
Adsorption 
Chromatography 
Ion-Exchange 
Chromatography 
Gel Permeation, Gel Filtration 
Or Molecular Exclusion 
Chromatography 
Later on, Aristotle stated that sea water loses part of its salt content when 
percolated through certain sands [4]. Base exchange, or in more modem technology 
cation exchange has been the subject of great amount of scientific investigation 
since the middle of 19''' century [5,6]. The materials responsible for this 
phenomenon were identified by Lemberg [7] and later by Wiegner [8] as clays, 
glauconites, zeolites and humic acids. Such discoveries led to the use of these 
materials in plant operations or water softening. 
In the second half of the 19"' century, agro chemists published a number of 
papers dealing with the ion-exchange in soil suggesting the reversible behaviour of 
the ion-exchange process [9]. In 1859, Boedeckar proposed an empirical equation 
describing establishment of equilibrium on inorganic ion-exchange sorbents. The 
discovery and development of theory of ion-exchange was reflected in practical 
applications. Harm (1896) and Rumpler (1903) proposed the use of natural and 
artificial aluminosihcates to purify beet syrup [10] and synthesized first industrial 
ion-exchanger. Cvet, developed the methods and theoretical basis of adsorption 
chromatographic analysis (1906), using both oxides and hydrated oxides of metals, 
various types of soil, silicates and other inorganic substances as adsorbents. Folin 
and Bell [11] first developed an analytical method for the determination of 
ammonia in urine using zeolites. Not only the scientists, but also industrialists led 
to various conclusions. Gans [12] applied ion-exchange technique for the recovery 
of gold from sea water and termed the cation exchanger based on 
"aluminosihcates" as "permutits". Adams and Holmes [13] discovered that some 
synthetic high molecular weight polymers containing a large number of ftmctional 
groups could be employed as ion-exchangers. The synthetic research on ion-
exchange was started in 1944 by Kakihana at the laboratory of Analytical chemistry 
in Tokyo Imperial University, Japan. 
The time span for different stages of development of ion-exchange technique 
vary from period to period. The period upto 1850 was confined to experimental 
observations and information. The period between 1850-1905 led to the discovery 
of ion-exchange and start of technical utilization of ion-exchange. The period from 
1905-1935 led to the rapid development of artificial organic exchangers and 
complete elimination of inorganic ion-exchangers from all applications. The period 
after 1940 has seen a continuous and rapid development of artificial organic and 
fibrous ion-exchangers and a renaissance in inorganic ion-exchangers and their 
practical applications. 
Ion-exchange process is an important tool in laboratories and in industries. 
At first they were used in water softening but later on they were employed to 
various other fields like separation of metal ion, separation of organic substances, 
preparation of artificial kidney machines, preparation of ion-selective electrodes, 
preparation of fiiel cells etc. Ion-exchange processes are widely used in nuclear 
engineering, such as for the purification of nuclear fuels, fuel reprocessing, waste 
disposal, enrichment and purification of useful radioactive isotopes because of the 
selectivity and completeness of the separations obtained. In addition, the ease of 
operation combined with the application of remote handling methods renders such 
procedures peculiarly suitable to operations in nuclear energy fields. Today ion-
exchange is frnnly established as a unit operation and is in extremely valuable 
supplement to other procedures like filtration, distillation and adsorption. 
An ion-exchange system consists of an ion-exchanger and a solution. The 
solution contains at least two kinds of exchangeable ions (counter ions), one kind of 
co-ions and a solvent. The ion-exchanger contains all these particles and a carrier of 
electric charge incapable of crossing the ion-exchanger / solvent boundary. A real 
ion-exchange may be more complicated. The number of counter ions may be 
greater than two and that of co-ions greater than one, the solvent may be a mixture, 
the system may contain substances not involved in the ion-exchange process, etc 
However, to understand the main principles involved in the ion-exchange process it 
is sufficient to consider the simple system described above. 
The expression "ion-exchanger" covers substances of quite different 
chemical nature. Among the most important of them are-
1. Crosslinked Polyelectrolytes: The charge carrier holding counterions in 
the ion-exchanger are functional groups fixed spatially infinite polymeric 
matrix. The structure has carriers of random dimensions and forms. 
2. Crystalline Ion-exchangers: The crystal lattice is the charge carrier. The 
charge is not fixed and the structure has cavities of definite dimensions and 
forms. 
3. Ion-exchange Adsorbents: The fimctional groups located on the surface of 
a porous substance are the charge carriers. 
4. Liquid Ion-exchangers or Ion-exchange Extractants: These are the 
solutions of water insoluble ionized organic compounds in solvents 
immiscible with water. The hydrophobic ion is the charge carrier. An 
organic phase can change its structure depending on the nature of the diluent 
and the counter ion, ranging from a molecular to micellar solution. 
Ion-exchangers are soUd insoluble materials capable of exchanging ions 
(cations or anions). These ions can be exchanged for stoichiometrically equivalent 
amount ions of same sign when ion-exchanger is in contact with an electrolyte 
solution. Carriers of exchangeable cations are cation exchangers. Carriers of 
exchangeable anions are anion exchangers. Carriers of exchanging cation and anion 
both are amphoteric exchangers. Ion-exchangers have a peculiar feature with regard 
to the structure. They consist of framework held together by chemical bonds or 
lattice energy. Framework is a matrix. The matrix is a highly polymerized cross-
linked hydrocarbon containing ionogenic groups. Ion-exchangers have porous 
structure. 
Ion-exchange is a stoichiometric process in which exchange of ions takes 
place between stationary and mobile phases. It may be represented as -
R—A + B (aq) : ^ ^ ^ R—B + A (aq) 
where, A and B are replaceable ions, R is the matrix or structural unit. Ion-
exchange is a reversible process. The process resembles sorption in many respects 
but the characteristic difference between the two is, that ion-exchange is a 
stiochiometric phenomenon, i.e. every ion removed from solution is replaced by an 
equivalent amount of ionic species of same sign, while sorption is a process in 
which solute is taken up without being replaced by any other species. Both the 
processes can occur simultaneously. 
Ion-exchangers may be "organic" or "inorganic" in nature. Organic ion-
exchangers for the technical purpose were described during 1930's in many patents. 
The basic patent concerning these resins was taken in 1935 by Adams and Holmes. 
Organic ion-exchangers are well known for their uniformity, chemical stability and 
for the easy control over their ion-exchange properties through synthetic methods. 
Organic ion-exchanger resins consist of an elastic three-dimensional network of 
hydrocarbon chain, which carry fixed ionic groups. The resins are cross-linked 
polyelectrolytes. Organic ion-exchange resins may be natural or synthetic. 
Sulphonated coals, wood are the examples of organic ion-exchange resins. 
Synthetic ion-exchange resins are prepared by condensation of phenol or 
copolymerization of styrene and divinylbenzene to form a framework. The 
copolymerized product is treated with appropriate acid to give the ionic group. The 
matrix carries ionic groups such as -SO3, -COO', -PO3', AsOj" in cation 
exchangers and -NH3, ^NKl, >NX , pSMn anion exchangers. Anion and cation 
exchangers may be weak or strong depending on the ionic group. Synthetic resins 
are superior than natural resins in their chemical and mechanical stability, ion-
exchange capacity, ion-exchange rate and versatility. 
Although organic resins have wide applications in analytical chemistry 
because of their high stability in the wide range of pH and reproducibility in results, 
the main drawback, has however, been their instability under conditions of high 
temperature and in presence of high radiation. This was the reason why a revival of 
interest in inorganic ion-exchange materials took place. The matrix of the inorganic 
ion-exchangers is more reactive than that of the organic resins and the selectivity 
for the metal ion depends both on adsorption characteristics of the matrix and the 
ionogenic groups attached to the matrix. 
1.1 INORGANIC ION-EXCHANGERS 
Inorganic ion-exchangers are receiving increasing attention owing to the fact 
that they are resistant to heat and radiation and can be used for high temperature, 
separation of ionic components in radioactive waste, as sohd liquid electrolyte and 
as catalysts. They can be prepared both in crystalline and amorphous forms. These 
exchangers have good chemical stability and reproducibility. Important advances in 
this field have been reviewed by number of workers at various stages of 
development like Amphlett [14], Fuller [15], Qureshi et a\.\\6\ Vesely and 
Pekarek [17,18], Clearfield et al. [19], Alberti et al. [20] and Costantino [21]. The 
books [22,23] published provide a complete picture of the field and its wide-
ranging applications. Dyer deals with the theories involved in zeolite molecular 
sieves [24,25], which have principles underlying the inorganic ion-exchangers. 
Inorganic ion-exchangers are produced by combining the oxides of III, IV, 
V and VI groups of periodic table. A large number of such materials have been 
synthesized so far are prepared by mixing phosphoric, arsenic, molybdic, antimonic 
and vanadic acids with titanium, zirconium, tin, thorium, cerium, iron, antimony, 
chromium, niobium, tantalum, bismuth, nickel, cobalt etc. Table 1.2 summarizes 
the characteristics of various ion-exchangers, which have been studied so far [26-
179]. 
The insoluble acid salts of polyvalent metals were initially obtained as gels 
with definite compositions and less stability towards hydrolysis of their acid 
groups. Some of them, particularly the amorphous zirconium phosphate exhibited a 
high selectivity for some important cations such as Cs(I) and U02(II). Starting from 
the earliest review of Amphlett on amorphous inorganic ion-exchangers in 1964 
when the field was in its infancy, the researches have led us to a stage when it has 
become an important analytical tool. 
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Table 1.2 A list of inorganic ion-exchangers prepared so far and their salient 
features. 
Si. 
No . 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 
Material 
(I). Aluminium based exchangers 
Aluminium antimonite 
Aluminium vanadate 
Aluminium tri poly-phosphate 
(n). Antimony based exchangers 
Antimonic acid 
Phosphoantimonic acid 
Phosphorous -antimony 
Silicon-antimony 
Antimony ferrocyanide 
Antimony-phosphorous-silicon 
(m). Bismuth based exchangers 
Bismuth tungstate 
Bismuth tellurate 
(IV). Cerium based exchangers 
Cerium phosphate 
Cerium-phosphate-sulphate 
Cerium arsenate 
Cerium antimonite 
Cerium molybdate 
Cerium tungstate 
Cerium phosphosilicate 
Nature 
Amorphous 
Amorphous 
~ 
Ciystalline 
Glassy 
Amorphous 
Amorphous 
Amorphous 
~ 
Amorphous 
Amorphous 
Amorphous 
Microciystalline 
Crystalline 
Crystalline 
Microcrystalline 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Selectivity 
Ag(I), UO2 (11), 
Ba(II),Ti(lV) 
-
-
K(I),Li(I) 
Na(I),K(I).NH,(I), 
Ag(I) 
-
-
Sr(n) 
Cd(n), Li(I), Na(I), 
Mg(n), Sr(n), Ba(n), 
Y(in), La(m) 
Pb(n) 
-
Cs(I), RKI),K(I), 
Na(I),Li(I) 
Cs(I), Na(I), As(I) 
Pb(n),Ba(n),Ag(n) 
Na(I),Ag(I),Sr(n), 
Ca(n), Cs(I) 
-
Hg(n) 
-
Hg(n),Ti(IV) 
-
Reference 
(26, 27) 
(28) 
(29) 
(30,31) 
(32, 33) 
(34) 
(35) 
(36) 
(37) 
(38) 
(39) 
(40-42) 
(43) 
(44) 
(45) 
(46) 
(47) 
(48) 
(49) 
(50) 
Contd... 
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SI. 
No. 
Material Nature Selectivity Reference 
19. 
20. 
21. 
22. 
23. 
24. 
25. 
26. 
27. 
28. 
29. 
30. 
31. 
32. 
33. 
34. 
35. 
36. 
37. 
38. 
39. 
40. 
41. 
Cerium selenite 
Cerium vanadate 
(V). Chromium based exchangers 
Chromium phosphate 
Chromium arsenate 
Chromium molybdate 
Chromium tungstate 
Chromium antimonite 
Chromium tellurate 
Chromium ferrocyanide 
Chromium arsenophosphate 
(VI). Cobalt based exchangers 
Cobalt antimonite 
Cobalt ferrocyanide 
(Vn). Iron based exchangers 
Ferric phosphate 
Feric arsenate 
Ferric antimonite 
Ferric tungstate 
Ferric ferrocyanide 
(Vm). Lead based exchangers 
Lead antimonite 
Lead tungstate 
Lead strontium phosphate 
(IX). Magnesium based exchangers 
Magnesium phosphate 
Magnesium trisilicate 
(X). Niobium based exchangers 
Niobium antimonate 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Crystalline 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Semicrystalline 
K(I),Na(I).Li(I) 
Ca(n), Sr(n), Ba(n) 
Zr(IV), Hf(IV) 
Pb(n), Ga(in) 
Th(IV), HftIV) 
Pb(n), co(n) 
cu(n),Ag(i) 
K(I) 
Pb(n), Eu(n), Ga(m) 
K(I), Na(I), Li(I) 
cd(n) 
Ce(IV) 
Ca(n) 
Pb(n), cd(n) 
(51) 
(52) 
(53) 
(54) 
(55) 
(55) 
(55) 
(55, 56) 
(57) 
(58) 
(59) 
(60) 
(61) 
(62) 
(63) 
(64) 
(65) 
(66) 
(67) 
(68) 
(69) 
(70) 
(71) 
(72) 
Contd.. 
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SI. 
No. 
42. 
43. 
44. 
45. 
46. 
47. 
48. 
49. 
50. 
51. 
52. 
53. 
54. 
55. 
56. 
57. 
58. 
59. 
60. 
61. 
62. 
63. 
64. 
Material 
Niobium arsenate 
Niobium molybdate 
Niobium phosphate 
(XI). Tin based exchangers 
Stannic phosphate 
Stannic tungstoselenate 
Stannic arsenate 
Stannic antimonate 
Stannic molybdate 
Stannic selenite 
Stannic tungstate 
Stannic vanadate 
Stannic ferrocyanide 
Stannous ferrocyanide 
Stannic molybdosilicate 
Stannic molybdoarsenate 
Stannic pyrophosphate 
Stannic selenopyrophosphate 
Stannic tungstophosphate 
Stannic phosphosilicate 
Stannic tungstovanadophosphate 
Stannic selenophosphate 
Stannic tungstoarsenate 
Stannic vanadoarsenate 
Nature 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Crystalline 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Semicrystalline 
Amorphous 
Amorphous 
Selectivity 
Rare earth metals 
La(m) 
— 
Na(I),L i(l),Cu(n), 
Zn(n), Ni(n),co(n) 
Ba(n) 
Al(ni), Ga(m), In(in) 
cu(n), Ni(n), co(n) 
Pb(n) 
Li(I),Na(I),K(I) 
Co{n), Ba( n),Ni(n), 
pb(n), Mn(n), cu(n), 
Sr(n) 
K(I), Na(I) ,Li(I) 
K(I), Ba(I) ,Li(I) 
cu(n), Ni(n),Mg(n), 
Mn(n), Y(ni) 
Th(IV) 
-
Zr(IV),Th(IV), 
Y(ffl),Bi(ni) 
Ag(I),Pb(II), 
Sr(II),Zr(IV) 
Zn(II),Hg(II) 
Hg(II) 
~ 
-
~ 
Ba(II), Cu(Il) 
Ba(ll) 
Reference 
(73) 
(74) 
(75) 
(76) 
(77) 
(78) 
(79) 
(80) 
(81) 
(82) 
(83) 
(84) 
(85) 
(86) 
(87) 
(88) 
(88) 
(89) 
(90) 
(91) 
(92) 
(93) 
(94) 
(95) 
Contd, 
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SI. 
No. 
65. 
66. 
67. 
68. 
69. 
70. 
71. 
72. 
73. 
74. 
75. 
76. 
11. 
78. 
79. 
80. 
81. 
82. 
83. 
84. 
85. 
86. 
87. 
88. 
Material 
Stannic vanadophosphate 
Stannic selenoarsenate 
Stannic vanadotungstate 
Stannic arsenoantimonate 
Xn. Tantalum based exchangers 
Tantalum phosphate 
Tantalum arsenate 
Tantalum antimonate 
Tantalum selenite 
Tantalum tungstate 
Tantalum sulphate 
XnLTitanium based exchangers 
Titanium phosphate 
Titanium arsenate 
Titanium antimonate 
Titanium molybdate 
Titanium tungstate 
Titanium selenite 
Titanium vanadate 
Titanium ferrocyanide 
Titanium arsenophosphate 
Titanium ferricyanide 
Titanium arsenosilicate 
Titanium molybdophosphate 
Titanium phosphosilicate 
Titanium tunestoarsenate 
Nature 
Crystalline 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Semicrystalline 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Crystalline 
Amorphous 
Amorphous 
Amorphous 
Selectivity 
Ba(II), Cu(n) 
-
Al(III) 
Mg(II).Ba(n), 
Cd(ir),Ni(II) 
Cs(I),Rb(I) 
Ba(II),K(r),Na(I) 
Ka),NH4(I),Na(I) 
-
Ka).Y(nD 
Ka),Zn(ir) 
-
Pb(n),Cu(II),Ba(ID, 
Sr(II),Cd(n) Zn(II) 
Rare earths metals 
Vo(n) 
Pb(ID,Ba(n), 
T1(I).K(D 
Cs(II),Mg(II),Ca(ID 
CdCU) 
Sr(II) 
Cs(I) 
-
Rba) 
pb(ii) 
__ 
_ 
Zr(IV),Nb(V), 
Pvi(IV),Cs(I) 
Pbrm 
Reference 
(96) 
(97) 
(98) 
(99) 
(100) 
(101) 
(102) 
(103) 
(104) 
(104) 
(105,106) 
(107) 
(108) 
(109) 
(110) 
(111) 
(112) 
(113) 
(114) 
(115) 
(116) 
(117) 
(117) 
(118) 
(119) 
(120) 
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No. 
Material Nature Selectivity Reference 
89. 
90. 
91. 
92. 
93. 
94. 
95. 
96. 
97. 
98. 
99. 
100. 
101. 
102. 
103. 
104. 
Titanium tungstophosphate 
Titanium vanadophosphate 
XIV.Thorium based exchangers 
Thorium phosphate 
Thorium arsenate 
Thorium antimonite 
Thorium molybdate 
Thorium tungstate 
XV.Tungsten based exchangers 
Timgsto antimonic acid 
Tungsten ferrocyanide 
XVLUranium based exchangers 
Uranyl hydrogen phosphate 
Uranium ferrocyanide 
XVUZirconium based exchangers 
Zirconium phosphate 
Styrene supported Zirconium phosphate 
Zirconium pyrophosphate 
Zirconium hypophosphate 
Zirconium poly phosphate 
Amorphous 
Amorphous 
Amorphous 
Ciystalline 
Ciystalline 
Amorphous 
Amorphous 
Amorphous 
Crystalline 
Crystalline 
Amorphous 
Amorphous 
Amorphous 
Crystalline 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Th(lV) 
Rb(I), Cs(l),Ag(l) 
Pb(II),Fe(III),Bi(III) 
Fe(III),Zr(IV),Pd(Il) 
Cs(l),K(l),Na(I) 
Bi(III),Hg(II) 
Cs(l),Rb(I),K(I) 
Cs(I), Rb(I),K(I),Na(I), 
Eu(in), Sr(n),co(n), 
Ni(n),Zn(n), UO2 (II) 
Na(I)Ag(I), 
Ca(n),NH4(I) 
Sr<n),U02(II),Ce(III) 
Cu(II),Ni(II),Ca(II), 
Na(I),Fe(II),Mg(n) 
For multivalent 
metals 
Fe(III),Cu(II), 
Ca(Il),Ba(II) 
(121) 
(122) 
(123) 
(124) 
(125) 
(126) 
(127) 
(128) 
(129) 
(130) 
(131) 
(132) 
(133) 
(134) 
(135) 
(136) 
(137) 
(138) 
(139) 
(140) 
(141) 
(142) 
Contd... 
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No. 
105. 
106. 
107. 
108. 
109. 
110. 
111. 
112. 
113. 
114. 
115. 
116. 
117. 
118. 
119. 
120. 
121. 
122. 
123. 
124. 
125. 
126. 
127. 
128. 
129. 
Material 
Zirconium-aluminium phosphate 
Zirconium arsenate 
Zirconium antimonate 
Zirconium molybdate 
Zirconium tungstate 
Styrene-supported zirconium 
tungstophosphate 
Zirconium tungstophosphate 
Zirconium tellurate 
Zirconium oxalate 
Zirconium silicate 
Zirconium ferrocyanide 
Zirconium silicomolybdate 
Zirconium arsenophosphate 
Hydrous zirconium oxide 
Zirconium arsenophosphate 
Zirconium arsenosilicate 
Zirconiiun tungstoarsenate 
Zirconium titaniimiphosphate 
Zirconium aluminopyrophosphate 
Zirconium arsenosilicate 
Zirconium molybdovanadate 
Zirconium molybdophosphate 
Zirconium phosphosilicate 
Zirconium phosphoiodate 
Zirconium selenite 
Nature 
Amorphous 
Amorphous 
Crystalline 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Crystalline 
Amorphous 
Amorphous 
Crystalline 
Amorphous 
~ 
Amorphous 
Crystalline 
— 
Crystalline 
— 
Crystalline 
~ 
~ 
Amorphous 
Electron ion 
exchanger 
Ciystalline 
Selectivity 
Pb(II) 
Cs(l),K(l),Na(l) 
Na(l),K(l),Cs(l) 
Na(l),K(I), NHtd), 
Rb(I)>Cs(I),Li(I) 
Cs(I),Rb(I),K(I),Na(I), 
Li(I) 
Hg(n) 
Cd(ll) 
-
Na(I),Cs(l),Rb(l), 
K(l) 
Th(IV),Sm(lll),Cs(I), 
Sr(ll) 
Li(I),Na(l), NH,(I) 
-
~ 
Bi(lll) 
~ 
~ 
Ag(l) 
-
— 
Al(llI),Fe(lIl),Pb(lD, 
Cd(II) 
Li(II),Na(I) 
~ 
Pu(lV),Cs(l) 
Qualitative oxidation 
of 
Fe(III),Ti(llI),As(IlI), 
Sn(lI),Sb(III) 
Reference 
(143) 
(144) 
(144) 
(145, 146) 
(147) 
(148) 
(149) 
(150) 
(151) 
(152) 
(153) 
(154) 
(155) 
(115) 
(156) 
(157) 
(158) 
(159) 
(160) 
(161) 
(162) 
(163) 
(118) 
(164) 
(165) 
(166) 
Contd. 
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No. 
130. 
131. 
132. 
133. 
134. 
135. 
136. 
137. 
138. 
139. 
140. 
141. 
142. 
143. 
144. 
Material 
XVnL Miscellaneous acid salts 
Cesium Zirconium phosphate 
Collidiniimi molybdoarsenate 
Copper ferricyanide 
Hafniimi phosphate 
a-Hafnium phosphate 
Lanthnum antimonate 
Lanthammi tungstate 
Molybdate fenocyanide 
Nickel antimonate 
Pyridinium tungstoarsenate 
Tellurium antimony 
Vanadium fenocyanide 
Zinc feiTocyanide 
Zinc uranyl phosphate 
Zinc uranyl phosphomolybdate 
Nature 
— 
--
-
Amoqjhous 
Crystalline 
Amorphous 
Amorphous 
Semicrystalline 
Amorphous 
-
Amorphous 
Amorphous 
Amorphous 
--
--
Selectivity 
~ 
Tl(I),La(lll) 
-
Li(I) 
~ 
Hg(II),Mg(ll) 
~ 
Cs(I) 
Bi(I) 
Rb(I),Cs(l) 
~ 
Cs(I),Rb(I) 
Cs(I) 
~ 
~ 
Reference 
(165) 
(168) 
(169) 
(170) 
(171) 
(172) 
(173) 
(174) 
(60) 
1175) 
(176) 
(177) 
(178) 
(179) 
(179) 
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1.2 FIBROUS ION-EXCHANGERS 
Fibrous ion-exchangers have been of recent origin. These materials have 
drawn the attention of researchers and experimentahst as they exhibit a high 
efficiency in the process of sorption from gaseous and hquid media. Fibrous ion-
exchange materials have great advantage of having capability of being obtained in 
different forms such as conveyer belts, non-woven materials, staple, cloth and nets 
etc. This may open new and novel possibilities of using these materials in 
envirormiental analysis as shown in Fig. 1.1. 
Fibrous ion-exchangers consist of monofilaments of uniform size ranging in 
diameter between 5-50|im. This predetermines short diffusion path of sorbates in a 
sorbent and high rate of sorption, which can be about hundred times higher than 
that of granular resins, which have particles ranging in diameter 0.25-l)am, 
normally used in such processes. Thus, they are more useful in large-scale 
processes. These ion exchangers have extremely high osmotic stability, which 
allow them to be used in conditions of multiple wetting and drying occurring at 
cyclic sorption process or regeneration process in air purification. Fibrous ion-
exchangers open new alternatives in ion-exchange processes. The literature study 
shows that most of the researches on ion-exchange fibres have been done in USSR 
and Japan, thus these are the main centres of origin. 
Number of monographs [180-182], review papers [183,184] and patents are 
described which deal with the preparation methods, technologies, properties and 
possible areas of applications of fibrous ion-exchangers. The tentative production 
of different fibrous ion-exchangers (VION ) has been organized in the USSR. 
Similar products are also produced in Japan [183,185]. Japanese and Western 
authors [186-188] have done a lot of work related to water purification, extraction 
of uranium, gold and other useful substances from water. Here, various applications 
of fibrous ion-exchangers make it possible to employ other conventional column 
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(c) 
Reqeneratior 
bath 
lEF 
1 . • . ^ v • • ; < 
(iii) Layers of fibrous matenal 
fibres (Process \Mth continuous 
Fig. 1.1 Variants of application of ion-exchange fibres (lEF) in liquid and gaseous processes 
(a) Ion-exchange columns witli different filling 
(i) Staple pulp (ii) Parallel threads 
(b) Conveyer belt made of ion-exchange 
regeneration) 
(c) Mats made of lEF in the river or sea stream 
(d) Draggmg nets made of lEF 
(e) Chemical air filters with lEF 
(f) Gas mask or respirator filled with lEF matenal 
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methods. Recently, attempts have been made for water purification, air purification 
from acidic and alkaline impurities [180,189], and preparative chromatography etc. 
using fibrous ion-exchangers, at the Institute of Physico-organic Chemistry, 
Byelorussian Academy of Sciences Minsk. Two families of ion-exchange fibres 
(FIBAN® fibres) have been developed at this Institute. One of them is based on 
radio chemically grafted polystyrene onto polypropylene fibres, the other on -
commercially available acrylic fibres. 
The grafting of polystyrene onto polypropylene fibres was carried out at 
room temperature by use of styrene solutions in organic solvents by means of 
generation of radicals in the polypropylene matrix initiated by lOOrad/s radiation. 
In other cases, about 2% vinyl benzene was added to styrene. Fig. 1.2 shows the 
scheme for preparation of family of fibrous Fiban ion-exchangers. The ion-
exchange capacity of these ion-exchangers can be varied by changing the quantity 
of polystyrene grafted onto polypropylene fibres and the degree of polymer 
analogous transformations. Under several conditions grafting degree can be raised 
to 600% (6 weight parts of polystyrene per one weight part of polypropylene), the 
sulphation degree to 1, amination degree to 1.2, (fimctional groups peer benzene 
nucleus). The exchange capacity of these ion-exchangers can reach up to 4.5meq/g. 
The exchange capacity of anion exchangers with imidazoline groups can be up to 
1 Imeq/g. The problem in synthesis of ion exchanger fibres is compromisingly high 
exchange capacity and their mechanical properties (tensile strength and elasticity). 
An increase in ion-exchange capacity leads to decrease in mechanical and textile 
characteristics. The swelling of fibres should be maintained within acceptable 
limits. The swelling properties of fibrous ion-exchangers can be varied by changing 
the polystyrene grafting degree, the divinylbenzene content, the number of 
fimctional groups, the grafting conditions and treatment of fibres. Swelling of 
zo 
H2SO4, AT 
H2C—CH 
CH 3 
— n 
H2C=CH 
o 
u 
I 
Polypropylene - graft [Styrene-DVB Copolymer] 
1. CH3OCH2CI; SnCU; 
ZnCl2, AT 
2. (CH3)3N,AT 
1. CH3OCH2CI; SnCU; 
ZnCl2, AT 
2. NaOH, AT 
3. HN03,AT 
FIBANK-1 FEB AN A-1 FffiAN K-2 
o :ooH 
SO3H CH2-N'*"(CH3)3Cr COOH COOH 
Fig. 1.2 A technological scheme for preparation of Fiban ion exchangers. 
fibrous ion-exchangers qualitatively depends on the ionic form and the way of 
swelling resembles with conventional granular ion-exchangers. The preparation of 
ion-exchangers of maximum capacity serves no practical purpose due to 
unfavourable mechanical, osmotic properties, as well as swelling ratio. 
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Ion-exchange fibres open new technological possibilities for metal ions 
recovery, purification of water and treatment of water in natural reservoirs. Ion-
exchange fibres when used for purification of water and gases may undergo 
osmotic shocks or may be exposed to aggressive media. Fibrous ion-exchangers 
can be used to make fabrics under some mechanical characteristics. Fibrous ion-
exchangers are uniform in diameter as compared to commercial granular ion-
exchange resins. For weaving fabrics, the strength of ion-exchange fibres is kept 
high. They can withstand multiple bends without destruction. The ion-exchange 
capacity is not affected when they undergo various osmotic shocks induced by 
frequent changes in swelling. The structure of fibres depends on the method of 
preparation of starting graft copolymer. It may be more or less porous in nature and 
yield ion-exchanger of greater or lesser mechanical and osmotic strength. Ion-
exchange fibres are produced by introducing, through radiation initiated by graft 
polymerization, ion-exchange groups into the sheath of each composite fibre the 
core and the sheath of which is composed of different kinds of high polymer 
components. Exposing fibres with a core/sheath structure to an ionizing radiation 
and then grafting a polymerizable monomer to the fibres produce separation 
fimctional fibres. The separation fiinctional fibres and ion-exchange fibres are 
usefiil in purification of pure water in electric power, nuclear, electronic and 
pharmaceutical industries and demineralization of high-salt content solutions in 
production of food and chemicals. The fibers are also usefiil in removing harmful 
gases as well as odorous components such as ammonia [190]. 
The preparation of acrylic grafted polypropylene fibres improves 
indyeability of polypropylene fibre through high-energy radiation grafting 
technique [191]. It evaluates the role, actual and potential of high-energy electron 
beam irradiation of polypropylene fibres for grafting with aqueous solutions of two 
acrylic monomers in the presence of peroxide catalyst. The most effective 
combination depends on a particular molar ratio of each monomer, which give a 
synergetic influence on graft yield. 
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Fibrous ion-exchangers [192,193] obtained in the form of sheet have high 
permeability to air and water. Watanabe [194] described a method for 
manufacturing partially heat-bonding ion-exchange fibres and fibre containing 
components (A) having melting point lower than the ion-exchange fibres and or 
components having melting point higher than the A. Thus, a piece of paper (basis 
wt.lOO/gm^) prepared from 50:50 mixture of multicore ion-exchange fibre (diameter 
40}im, length 0.5mm) and cellulose fibre was pressed at 5 kg/cm^ dried at 90°, 
laminated with a web (basis wt., 30g/m^^  of component hot-melt adhesive fibre (B), 
sandwiched between steel nets, and heated at 175°C for 3 min to form a sheet 
showing tensile strength 4.1 kg/15 mm (longitudinal) and 4.2 kg/ 15 mm 
(transverse) tear strength (3.8 kg /cm ) and air permeation 4.9 cm /cm -S. The ion-
exchange fibre sheets in the form of tobacco smoke filter material [195,196] 
prepared by sulphonating polymer fibres; selectively remove carcinogenic and 
mutagenic substances from cigarette smoke, without affecting flavour and aroma. 
Thus, a compound containing polystyrene [9003-53-6] 40 and polypropylene [9003-
07-0] 10 parts enclosing polypropylene 50 parts were spun at 270°C to yield fibre 
(42 denier, 42 filament). The fibres were cut into 1 mm segments. The cut fibres 
were soaked in a solution containing H2SO4 22, nitrobenzene 104 and 
paraformaldehyde 0.3 parts. The fibres were allowed to with stand at room 
temperature for 6 hours, washed with water and then ethyl alcohol and dried. The 
dried fibres were soaked in H2SO4 at 90°C for 24 hours washed and dried. The 
fibres were H-type, sulphonic acid-containing strongly acidic cation-exchangers, 
(ion-exchange capacity 3.0/a.g Na/g, water content 12.3%). The fibres were fibrilized 
in a blender, mixed with an equal amount of polyethylene pulp, and made into sheet. 
The sheet and poly (ethylene- terephthalate) were layered and made into cigarette 
filter tips. The cigarette filter tips give more tars than a conventional one, and gave 
high organoleptic test scores. Ion-exchange fibres and their fabrics have been 
introduced and their main properties such as microsmic surface appearance, physical 
properties, absorption capacity, regeneration and dust holding properties have been 
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studied comprehensively. Using non-woven fabrics as purifying material, a new 
type harmful gas purifier has been developed. 
Fibrous ion-exchangers can be used for many hydrometallurgical processes 
accompanied by air pollution with volatile acid anhydrides and aerosols. Various 
publications [197-205] describe the sorption of SO2, CO2, NH3, HCl by ion-
exchange resin The high sorptive capacity with positive effect of humidity is 
responsible for the development of new air purification technologies. 
These materials in the form of cloth or non-woven belt can be used for 
removal of impurities from gas flows. They contain fdaments with thickness below 
50 microns. It has been shown that rate of sorption is one or two orders of 
magnitude higher than that of industrially produced resins of similar chemical 
structure [206]. The materials are elastic in nature to some degree and have 
outstanding osmotic stability [207]. These of studies prove the advantages of 
various appHcations of fibrous ion-exchangers in gaseous processes [208,209]. 
Fibrous ion-exchangers are used to prepare deodorizing cloth by weaving 
ion-exchanger grafted fibres with either natural or artificial fibres [210]. The cloth is 
used for manufacturing bedding and clothing. Polyester fibres were irradiated with 
20Mrad.electron in nitrogen and soaked in a solution containing hydroxystyrene 
monomer and isoprene to give grafted polymers, which were aminoquatemized to 
form anionic fibres. Polyester fibers were irradiated with 20Mrad.electrons in 
nitrogen soaked in acrylate solution to give grafted polymers, which were treated 
with NaOH solution to give cationic fibres. Cloths were prepared using these fibres. 
In metallurgical applications also these materials are useful. They have been 
used for recovery of gold in the presence of cyanide solutions, from aqueous 
solutions by hydrogen reduction in thiosulfate solution. Kotze [2II,212] synthesized 
fibrous ion-exchangers using propylene staple as cheap, stable and robust base. 
Styrene was copolymerized onto propylene fibres. Various anionic groups were 
fixed on this material to fmd the most effective ion-exchanger for the selective 
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recovery of gold in the presence of other metal cyanide. Belfer [213] described the 
gold cyanide absorption by new fibrous ion-exchanger prepared by the amination of 
sulfochlorinated polyethylene. Deventer [214] deals with the competitive adsorption 
of organic compounds and gold cyanide onto ion-exchange fibre and membrane. 
Loadings of organic compounds were measured on gold equilibrated adsorbents and 
compared to loadings on virigin adsorbents. Fibrous ion-exchangers were used for 
recovery of high purity zinc oxide from steel making dust [215]. These ion-
exchangers are also used for recovery of non-ferrous metals [216] like Cu and Ni 
were removed from simulated and real mine water. 
Fibrous ion-exchangers are also used for solidification of radioactive waste 
[217], manufacture of fabrics capable of removing ionic substances [218], removal 
of chromium trioxide [219] from waste gases, removal of [220] mercury from waste 
water with 84.2-100% efficiency. Removal of heavy metal ions from water [221] 
like Cu, Pd, Zn, Fe, Co, Ni, Ag, Cr and Mn. PAN-PEA and carbon fibres were used 
for their removal from waste water, removal of toxic gases [222], cleaning of 
environment [223] and removal of arsenic from chloride medium [224]. 
Fibrous ion-exchangers act as prospective sorbents for the separation of rare 
earths and aerosols [225-227]. They have high efficiency for separation of heavy 
metal ions from aqueous solutions [228,229]. Fiban fibrous ion-exchangers are used 
for liquid ion-exchange process. They can be successfully used for chromatographic 
separation of alkah metals ions, complexing ions (Cu'^ ,^Ni'^ ,^ Co"^ ,^ Zn"^ ,^ Pb"^ ,^ 
Mn"^ )^, amino acids, halides, ion, removal of hexavalent chromium and molybdenum 
anions from aqueous solutions [230]. It was observed that the column permeability 
could be easily controlled via packing density of the fibrous material. 
Ion-exchanger fibres can be used in form filters. Filters are made up of ion-
exchange fibres manufactured by radiation graft polymerization, for example 
polyolefins. Activated carbon is optionally used along with ion-exchange fibres. The 
air filters are used for removal of hazardous gases, malodorous gases, or fme 
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particles from air in automobiles, gas cleaning filter holders for accurate 
determination of gases. Chemical filters are prepared for ultrapurification of clean 
rooms [231]. The non-woven filtering materials [232,233] are used for removal of 
harmful compounds like nitrites, nitrates, heavy metals, surfactants, herbicides, and 
oils, free CI etc. from potable water. Non-woven fabric containing ion-exchange 
fibres for filtration of gas is studied [234]. A lab platform [235] for stimulating 
purification of industrial acidic tail gas with fibrous ion-exchangers was created. 
Some filters have been reported [236] consisting of ion-exchange fibers of 
chloromethyl styrene graft polymer quaternary ammonium compounds and 4-vinyl 
pyridine graft polymer quaternary ammonium compounds. These filters rapidly and 
certainly collected micro-organism floating in air and are suitable for use in air-
conditioning systems. Filtering material comprises ion-exchange sheets and 
electrically polarized synthetic fibre sheet with separator for air filters [237]. 
Weakly basic ion-exchange fibre was reported [238] for purification of air or water 
adsorption of metal ions, catalyst or new medicinal material. 
Ergozhin [239] synthesized fibrous ion-exchangers by treating poly 
acrylonitrile fibre waste with (1:17) H2S04-Hydroxylamine sulphate mixture and 
simultaneous neutralization with Na2C03 or alkali during heating at 40-50°C. They 
were prepared to obtain good sorption properties. In this method, carboxylated 
acrylic fibres were modified partially with epichlorohydrin polyethylene-polyamine 
adducts, PAE [240]. The ion-exchange capacity of PAE modified fibres with respect 
to HCl was -53% of the theoretical value. The capacity increased from 2.1 to 
3.6mmol/g with increasing modification temperature from 20-100°C and from 2.7-
4. Immol/g with increasing COOH group content from 0.7 to 2.5mmol/g. The good 
sorption properties were obtained when the fibres were dried at 20°C. 
Zosina [241,242] prepared fibrous porous composites with good sound 
proofmg properties from polyvinyl alcohol binder and HCHO, in the presence of a 
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mineral catalyst, by filling l-3mm polyacrylonitrile fibres waste from ftir substitute 
manufactured non-woven needle-punched fabrics from recycled wool, polyamide 
fibres, acrylic ion-exchange fibres. Zosina et al. [243] also studied the 
characteristics of modification of polyacrylonitrile fibres by metal alkyl silanolate 
complexes. They synthesized heat resistant ion- exchange fibres by base hydrolysis 
of as-spun polyacrylonitrile fibres in the presence of Zn[Al-Zn, Fe(III)-Zn, Zr, Sn 
(IV)]-Me Si(0H)20Na complexes. Most active complex was Fe (Ill)-Zn and least 
active was Sn(IV) complex. Sorbents based on polyethylene polyamine (PEA) 
modified (PAN) polyacrylonitrile fibres [244] are used for concentrating Mo, W, 
Va, Cr and As and for the extraction of these elements from natural and waste water. 
PAN-PAE sorbents are weakly basic anion exchangers in OH" and CI" forms. 
Borell [245] prepared fibrous ion-exchangers by introducing basic groups, 
for example, tertiary-amine, tetra-hydropyrimidine, imidazoline, quaternary 
ammonium groups onto cross-linked water insoluble polyacrylonitrile fibres. This 
fibre had ion-exchange capacity of 6.3mm/g. Ivanova [246,247] prepared fibrous 
ion-exchangers based on polyacrylonitrile modified with sodium-alkylsiloxanes. 
Pushpa Bajaj synthesized acrylonitrile-acrylic acid copolymers [248,249] and 
acrylic fibres [250-256] having high tenacity, spinning, chemical and technical 
apphcations. Bajaj also studied the influence of spinning dope activities and spin 
bath temperatures on the structural and physical properties of acrylic fibres [257]. 
Ion-exchange fibres based on polyvinyl alcohol polyacrylonitrile containing 
COOH group [258] were used for absorption of insulin. Andreeva [259] studied the 
absorption of Mo^ '^ ,W '^^ ,V^ '^ ,Cr^ '^  & As^ "^  on a fibrous exchanger of polyacrylonitrile 
modified by polyethylene polyamine Cr^ "^  becomes strongly bonded to the 
exchanger. 
Volf [260] prepared the selective ion-exchange fibres from polyacrylonitrile 
and polyvinyl alcohol fibres for the sorption of precious metals by modification with 
hydroxylamine in the presence of polyethylene-polyamine or by bonding the fibres 
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pyrazole and mercaptobenzothiazole. Yoshioka [261-267] first prepared a 
polystyrene based ion-exchange fibre by using an islands-in-a-sea type composite 
fibre. It possesses large ion-exchange capacity and a high mechanical strength. It 
was found that the resulting fibre has two fundamental characteristics, ion-exchange 
rate for metal ion is very high and the capacity of adsorbing the macromolecule 
ionic substances is accordingly large compared with ordinary ion-exchange resins 
Polystyrene derivatives are used for water purification in nuclear plants. They act as 
effective solid acid catalyst. Fibres articles are shaped like honey-comb. Synthesis 
of aminated polypropylene graft- styrene fibrous ion-exchanger for the separation of 
boron from ground water was reported [268]. Radio chemical graft polymerization 
of acrolein onto polypropylene graft-copolymer with diethylene triamine gave an 
ion-exchange resin with amphoteric properties [269]. 
Like Fiban, VION® fibrous ion-exchange materials have also been studied. 
All the VION fibres are [270] acid resistant but undergo hydrolysis of nitrite groups 
to carboxylic groups in alkaline solutions. NaiCOs solutions are recommended for 
regeneration of ion-exchanging fibres. 
Water vapour sorption by carboxyl group containing chemisorptive fibre in 
different ionic forms of acrylic fibre VION was studied [271]. Preparation of VION 
chemisorptive fibres in concentrated hydrazine hydrate solution was discussed 
[272]. 
VION fibrous ion-exchanger materials can be used in the purification of 
gases from acidic and basic impurities. It has confirmed by Barash et al. [273-275]. 
They studied the effect of repeated generations on the properties of VION AN-I ion-
exchange fibres for the removal of the harmfiil emissions, for example, HCl from 
gas- air and liquid media was studied. The ion exchange capacity (lEC) of fibre was 
not affected by regeneration in 0.1 N acid and alkali solutions but the ion- exchange 
capacity decreased to 92.1 and 78.8% by repeated generation in 5N H2SO4 and IN 
HNO3 respectively. The lEC of fibres increased when treated with 1.25 N NaOH at 
90° due to the nitrile group hydrolysis. 
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Polovikhina [276] studied the sorption of chloride, nitrate and sulphate 
anions under static and dynamic conditions for fibrous anion exchanger-VION AS-1 
containing pyridine groups and VION AS-2 containing diphatic anion groups. The 
sorption process is dependent on size of anion of fibrous sorbents. 
The study of insoluble crystalline acid salts of tetravalent metals has 
facilitated the preparation of several new crystalline fibrous inorganic ion 
exchangers. The first fibrous acid salt of tetravalent metal was cerium (IV) 
phosphate prepared by Alberti et al. [277,278]. A very interesting feature of fibrous 
cerium phosphate is that it results in a flexible sheet similar to cellulose paper [279]. 
Fibrous cerium (IV) phosphate shows at low loading, a maximum uptake of Cs(I) 
alkali metals and for Ba(II) among the alkaline earths. On increasing the loading a 
reversal in selectivity is observed. Support free fibrous cerium (IV) phosphate sheets 
have already been used for chromatographic separation of inorganic ions and are 
found to be selective for certain cations such as Pb(II), Ag (I), Tl (I) and K(I). Later 
on fibrous thorium phosphate [280,281] titanium [282,283] and titanium arsenate 
were prepared or obtained. Fibrous inorganic ion exchangers are very interesting 
because they can be used in the preparation of inorganic ion exchange papers or thin 
layers suitable for chromatographic cation separations. The inorganic papers of 
thorium phosphate can be prepared easily and can be compared to those of cerium 
phosphate as regards in chromatographic separation where reducing agents are often 
used as eluants or spot test reagents. They can also be utilized to prepare ion-
exchange membranes without a binder [284,285] with good electro-chemical 
behaviour [286]. 
Recently, Maragheh et al. reported separations of ions on column of cerium 
(IV) silicate and cerium phosphate [287,288]. Recently a new inorganic ion-
exchanger thorium iodate was synthesized showing marked selectivity for lead, 
which makes it important for environmentalists [289]. 
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The insoluble acid salts of tetravalent metals have been employed to prepare 
inorganic ion-exchange membranes, which are interesting from both fundamental 
and practical point of view. Owing to their high selectivity and stability these 
membranes have applications as selective electrodes where organic membranes fail. 
They can be successfully employed in fuel cells at high temperatures or in 
concentrating the waste containing fission products. 
1.3 FIBROUS HYBRID ION-EXCHANGERS 
The organic ion-exchangers are well known for their uniformity, chemical 
stability and control of their ion-exchange properties through synthetic method. 
Inorganic ion-exchange materials, besides other advantages, are important in being 
more stable at high temperatures and in radiation fields than the organic. In order to 
obtain a combination of these advantages considerable interest has recently been 
focused on synthesizing organic-inorganic or hybrid fibrous ion-exchangers by the 
incorporation of organic monomer onto fibrous inorganic ion-exchangers. Efforts 
have been made to improve the chemical, thermal and mechanical stabilities of ion-
exchangers and to make them highly selective for certain metal ions. 
In our laboratories some new hybrid fibrous ion-exchangers [290-292] have 
been synthesized with promising ion-exchange behaviour supported by some 
important separations achieved practically. Further, because of the fibrous nature of 
these materials new technological possibilities have emerged as they can be used in 
different convenient forms for the abatement of environmental pollution. 
From the above review we conclude that only a little work have been done on 
fibrous hybrid ion-exchangers in regard of their synthesis and analytical 
applications. The chemistry of processes involved has not been studied thoroughly. 
Little studies have been reported on the properties particularly, mechanical and 
textile properties. The problem in the synthesis of fibrous ion-exchangers have been 
compromisingly high ion-exchange capacity and mechanical properties i.e., tensile 
30 
strength and elasticity. An increase in ion-exchange capacity leads to a fall in the 
mechanical and tensile characteristics. 
Number of investigations have been made regarding the method of preparing 
fibrous ion-exchangers, which have large surface area per unit of weight and can be 
used in an arbitrary form [293-295]. The following indispensable conditions are 
kept in mind to prepare the ion- exchange fibres-
1. The material should be insoluble within a wide range of pH. 
2. The ion-exchange capacity should be large enough to ensure practical 
operation. 
3. The mechaiucal strength should be sufficiently high. 
4. The ionic group and basic polymer should be chemically stable. 
During these studies we have produced some fibrous materials of hybrid 
nature. Although their spinning could not be possible because of some technological 
problems, they have been found quite useful in column operations. The following 
pages summarize the synthesis, ion exchange behaviour and characterization of 
acrylamide based cerium (IV), thorium (IV) and tin (IV) phosphates. The kinetic 
studies have also been made by taking acrylamide based cerium (IV), thorium (IV) 
and tin (IV) phosphates as sample materials, which point to the possible mechanism 
of ion-exchange processes occurring at the surface of the material. Their utility in 
metal separations of industrial and analytical importance has also been explored 
successfully by achieving a large number of metal ion separations. 
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2.1 INTRODUCTION 
Tetravalent metal acid (tma) salts have been known for a long time but of the 
late, there has been increased interest in the compounds. The revived interest is due 
to their good properties and resistance towards high temperature and ionizing 
radiation, so that their practical applications in nuclear technology or in ion-
exchange processes occurring at high temperatures are feasible. Tma salts have 
emerged as promising advancing materials as they posses robust properties. 
Tma salts are cation exchangers possessing the general formula M(IV) 
(HX04)2 • n H2O where M(IV) = Zr, Ti, Th, Ce, Sn, etc. and X= P, Mo, As, W etc. 
The materials possess structural hydroxyl groups, the H of the OH being the 
exchangeable sites, due to which the material possesses cation exchange properties. 
These salts can be prepared in amorphous and crystalline forms that exhibit 
selectivity for certain metal ions. They are hard, granular and range in physical 
appearance from totally opaque to transparent. These materials have shown a great 
promise in preparative reproducibility, ion-exchange behaviour and stability 
towards chemical and ionizing radiation. And as a result they have acquired a 
prominent position in the field of separation science. 
Anchoring of organic molecules bearing ionogenic groups onto tma salts are 
reported [1,2]. Such materials are termed as inorgano-organo ion-exchangers or 
hybrid materials. These compounds have advantage of both of their counter parts in 
terms of chemical and thermal stability, ion-exchange capacity and large selectivity 
for mono and multivalent cations [3]. A large number of organic-inorganic ion-
exchangers have been developed by the incorporation of organic monomer in the 
inorganic matrix [4-8]. Tin (IV) based tma acid salts have received attention 
because of their excellent ion-exchange behaviour. They are expected to have high 
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radiation stability [9,10] and possess high temperature stability Because of the 
reproducible behaviour and ion-exchange properties, their utility has been 
demonstrated for the separation of various metal ions [11-13] The separation of 
pollutants is important from, the point of view of environmental studies 
Acrylamide tin (IV) phosphate (AASnP) has been found to possess such 
characteristics and high selectivity for Hg (II) ions. 
Fibrous ion-exchange materials open a land of opportunities m mdustrial and 
environmental applications. These are novel multifimctional materials that offer a 
wide range of interesting properties and can be obtained in different convenient 
forms. 
Cerium (IV) and Thorium (IV) based tetravalent metal acid salts with fibrous 
structure are reported [14,15]. As the Cerium (IV) phosphate and Thonum (IV) 
phosphate prepared by Alberti et al. suffer poor mechanical strength, suitable 
comonomers are incorporated mto a material to over come this shortcoming 
[16,17]. Thus, acrylamide cerium (IV) phosphate (AACeP) and acrylamide thorium 
(IV) phosphate (AAThP) have been prepared which shows high selectivity for Hg 
(n) and Pb(II) ions respectively. 
Mercury is the most toxic heavy metal. It enters the environment through 
various industries like paper and pulp industry, chlor-alkali plants, moulding 
processes, paints and pharmaceuticals Pollution in environment of Hg (II) is 
senous because it is capable of entermg blood streams, the digestive systems or 
lungs. Vapours of Hg (II) are toxic and some mercury compounds are very volatile 
or insoluble, are potential hazards for the human systems. Traces of mercury have 
been identified as deleterious to aquatic ecosystem and human health These 
materials can be used for the separation of this ion from others 
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Lead is the natural constituent and enters the environment through natural 
and anthropogenic sources. Naturally occurring lead is found in the soil. Because of 
its toxicity, the tremendous increase in the use of lead over few past decades has 
caused environmental concerns. It has an important place amongst the toxic trace 
elements present in the human body. It is an important pollutant, the main source of 
its poisoning being lead joints of cast iron pipes lead pipes used for cormecting 
plumbing fixtures, washbasins, kitchen sinks, lead paints used for painting steel 
water storage tanks and lead compounds used as stabilizers in some plastic pipes. 
The present pages summarize the synthesis, ion-exchange characterization 
and analytical applications of acrylamide cerium (IV), thorium (IV) and tin (IV) 
phosphates. 
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2.2 EXPERIMENTAL 
2.2.1 REAGENTS AND CHEMICALS 
Ceric sulphate [Ce(S04)2.4H20], thorium nitrate [Th(N03)4.5H20], stannic 
chloride [SnCU-SHzO] and acrylamide (CHziCHCONHz) were the CDH (India) 
products while orthophosphoric acid (H3PO4) was a Qualigens (India) product. All 
other reagents and chemicals were of Analytical Reagent grade. 
2.2.2 PREPARATION OF REAGENT SOLUTIONS 
Solutions of ceric sulphate, thorium nitrate and stannic chloride were 
prepared in 0.5M H2SO4, IM HNO3 and demineralised water (DMW) respectively. 
The solution of acrylamide was prepared in DMW. The solutions (4M, 2M and 
0.6M) of orthophosphoric acid were also prepared in demineralised water. 
2.2.3 SYNTHESIS OF ION EXCHANGE MATERIALS 
2.2.3.1 SYNTHESIS OF ACRYLAMIDE CERIUM (IV) PHOSPHATE 
(AACeP) 
A number of samples of acrylamide cerium (IV) phosphate were prepared by 
adding one volume of ceric sulphate solution in two volumes of (1:1) a mixture of 
H3PO4 and acrylamide solution dropwise with constant stirring using a magnetic 
stirrer at a temperature of 70 ± 5°C. The resulting slurry obtained under these 
conditions was stirred for 4 h at this temperature, filtered and washed with 
deminerahsed water (pH ~ 4). Finally, the slurry was dried at room temperature, 
resulting in a sheet, which was cut into small pieces and converted into H*-form by 
treating with IM HNO3 for 24 h with occasional shaking and intermittently 
replacing the supernatant liquid with fresh acid. The material thus obtained was 
then washed with demineralized water to remove the excess acid before drying 
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finally at 45°C and sieved to obtain particles of size 50-70 mesh. Table 2.1(a) 
summarizes the synthesis of various samples of the material. On the basis of highest 
ion exchange capacity AACeP-2 was therefore, selected for further studies. 
2.2.3.2 SYNTHESIS OF ACRYLAMIDE THORIUM (IV) PHOSPHATE 
(AAThP) 
A number of samples of were prepared by adding a litre of 0.1M solution 
containing 100 mmoles of Th (N03)4.5H20 to a mixture of 1/ of 2M H3PO4 and 1/ 
of acrylamide solution containing its 10 to 500 mmoles. Stirring was done during 
mixing using a magnetic stirrer at a temperature of 90 ± 5°C. The resulting slurry 
obtained under these conditions was stirred for 5 h at this temperature, filtered and 
washed with demineralised water (pH ~ 4). On drying at 15-20°C it resulted into a 
sheet, which was crushed into small pieces and converted into treating with 1M 
HNO3 for 24 h with occasional shaking and intermittently replacing the supernatant 
liquid with fresh acid. The material thus obtained was then washed with 
demineralized water to remove the excess acid before drying fmally at 45°C and 
sieved to obtain particles of size 50-70 mesh. Table 2.1 (b) summarizes the synthesis 
of various samples of the material. On the basis of highest ion exchange capacity 
AAThP-3 was therefore, selected for further studies. 
2.2.3.3 SYNTHESIS OF ACRYLAMIDE TIN (IV) PHOSPHATE (AASnP) 
A number of samples were prepared by adding one volume of 0.3M stannic 
chloride solution in two volumes of a (1:1) mixture of 0.6M H3PO4 and acrylamide 
solution containing its 10 to 600 mmoles with constant stirring at, room 
temperature. The resultant gel was kept for 24 h at room temperature, and then 
filtered and the excess acid was removed by washing with DMW and the material 
was dried in an oven at 50°C. The dried gel was put in DMW to obtain granules of 
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Table 2.1(a) Synthesis of various samples of acrylamide cerium (IV) phosphate. 
Sample No. 
AACeP-1 
AACeP-2 
AACeP-3 
AACeP-4 
AACeP-5 
Millimoles of 
acrylamide/1000 ml 
10 
50 
100 
200 
500 
Na^ ion-exchange 
capacity (meq/dry g) 
0.94 
2.64 
0.92 
0.84 
0.70 
Table 2.1(b) Synthesis of various samples of acrylamide thorium(rV) phosphate. 
Sample No. 
AAThP-1 
AAThP-2 
AAThP-3 
AAThP-4 
AAThP-5 
AAThP-6 
Millimoles of 
acrylamide/1000 ml 
10 
50 
100 
200 
500 
600 
Na* ion-exchange 
capacity (meq/dry g) 
1.4 
1.6 
2.0 
1.8 
1.5 
0.7 
Table 2.1(c) Synthesis of various samples of acrylamide tin(rV) phosphate. 
Sample No. 
AASnP-1 
AASnP-2 
AASnP-3 
AASnP-4 
AASnP-5 
AASnP-6 
Millimoles of 
acrylamide/1000 ml 
10 
30 
50 
100 
200 
500 
Na* ion-exchange 
capacity (meq/dry g) 
1.2 
1.4 
2.1 
1.5 
1.0 
0.8 
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uniform size suitable for column operation. They were converted into the H -form 
by treating with IM HNO3 for 24 h with occasional shaking and intermittently 
replacing the supernatant liquid with fresh acid. The material thus obtained was 
then washed with demineralized water to remove the excess acid before drying 
fmally at 50°C and sieved to obtain particles of size 50-70 mesh. Table 2.1(c) 
sunmiarizes the synthesis of various samples of the material. On the basis of 
maximum ion-exchange capacity AASnP-3 was further selected for the studies. 
2.3 ION-EXCHANGE CHARACTERIZATION 
23.1 ION EXCHANGE CAPACITY 
Ion-exchange capacity, expressed as milliequivalents per gram or equivalents 
per kilogram is the measure of number of replaceble counter ions (H^-ions) per unit 
mass of the exchanger. In other words, it may be defmed as number of the 
milliequivalents of counter ions in a specified amount of material. The counter ion 
is one of the most important characteristics of an ion-exchanger. From a practical 
point of view, the number of counter ions, which can be taken up or exchanged, is 
more important, than the number of ionogenic groups. Ion-exchange capacity 
depends on the experimental conditions, particularly pH and concentration of 
solution. The i.e.c. of a material and also depends on the nature of the exchanging 
ions, like the size and charge. The smaller the size and higher the charge on the 
ions, the greater is the ion-exchange capacity. 
The ion exchange capacities (i.e.c.) of the samples were determined as usual 
by the column process taking 1 g of the material (H"'-fonn) in a glass tube of 
internal diameter ~ 1 cm, fitted with a glass wool at its bottom. 250 ml of 1 M 
NaNOs was used as eluent, maintaining a very slow flow rate (~ 0.5ml min'"). The 
effluent was titrated against a standard alkali solution to determine the total H'^ -ions 
released. 
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23.2 CONCENTRATION AND ELUTION BEHAVIOUR 
Concentration and elution behaviours of an ion exchanger are also 
determined by the column process. The extent of elution was found to depend upon 
the concentration of the eluent. Hence, a fixed volume (250 ml) of NaNOa solution 
varying concentration (0.2-1.2 M) was passed through the column containing 1 -g of 
the exchanger and the effluent was titrated against a standard alkali (0.1 M NaOH) 
solution for the H*-ions eluted out. 
The optimum concentration of the eluent for the complete elution of H^-ions 
in 250 ml NaNOs solution was found to be 1 M. Then a similar column containing 1 
g exchanger was eluted with a NaNGs solution of 1 M concentration in different 10 
ml fraction with minimum flow rates described above. This experiment was 
conducted to find out the minimum volume necessary for a complete elution of H*-
ions, which reflects the efficiency of the column. 
2.3.3 THERMAL STUDIES 
Several 1.0 g of the samples of the material were heated at various 
temperature in muffle furnace for one hour each and their ion exchange capacity 
was determined by the usual column process after cooling them to room 
temperature. 
2.3.4 pH TITRATIONS 
Acid salts of multivalent metals are acidic in nature and act as cation 
exchangers. They can be, therefore, titrated against an alkali solution as usual. It 
gives the nature (weak or strong) and the number of exchange sites present in the 
ion-exchanger. An alkali hydroxide is used to neutralize the protons and allow the 
reaction to go to completion, and a decinormal salt solution of the same alkali metal 
is used as a supporting electrolyte. A graph plotted between the number of 
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milliequivalents of OH'ions added and the resultant pH of the mixture at 
equilibrium is termed as the "pH titration curve". The functionality of an ion-
exchanger can also be determined with the help of these curves. 
Potentiometric titrations were performed by the batch process using Topp 
and Pepper [18] method. 500 mg portions of the exchanger in the H -^form were 
placed in each of the several 250 ml conical flasks followed by the equimolar 
solution of alkali metal chlorides and their hydroxides in different volume ratios, 
the final volume being 50 ml to maintain the ionic strength constant. The pH of the 
solution is recorded until equilibrium is attained which takes several days ~ 6 days 
if system is put at room temperature. The pH recorded after equilibrium is plotted 
against the milliequivalents of the OH ions added. 
2 J .5 DISTRIBUTION STUDIES 
Distribution coefficient (K<i) is the measure of a fractional uptake of metal 
ions competing for H^-ions from a solution by an ion-exchange material. It is an 
important factor for determining the analytical potential of an ion-exchanger and the 
K<j values are calculated from the following formula: 
' F M^ ^ 
where, I and F are the initial and final amounts of the metal ions in the solution 
phase, V is the total volume of the solution (ml) and M is the amount (g) of the 
exchanger. 
200 mg of the exchanger in the H"^ -form were equilibrated with 20 ml 
solutions of different metal ions in different media. The initial metal ion 
concentration was so adjusted that it did not exceed 3% of the total ion exchange 
capacity. The metal ions in the solutions before and after equilibrium were 
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determined by the EDTA titrations [19] and the distribution coefficients, Kd were 
calculated by above formula 
2.4. ANALYTICAL APPLICATIONS 
2.4.1 SEPARATIONS ACHIEVED 
For an ion-exchanger to be of much analytical use, the most important 
property is m regard of its selectivity for certam substances, which explore utility m 
environmental applications 
200 mg of the exchanger in H -^form was used for bmary separations in a 
glass tube having an internal diameter of ~ 0 6 cm The colurmi was washed 
thoroughly with demmeralised water and the mixture to be separated was loaded on 
it After recyclmg 2 or 3 times to ensure complete adsorption of the mixture on the 
column bead, the metal ion were eluted at a flow rate ~ 2-3 drops mm"' The 
separation was achieved by passing a suitable solvent through the colurmi as eluent 
The metal ions in the effluent were determmed quantitatively by EDTA titrations 
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2.5 RESULTS AND DISCUSSION 
The most important feature of the materials prepared m these studies has 
been their exceedmgly high ion-exchange capacity for Na'^ ions The ion-exchange 
capacity for AACeP, AAThP and AASnP was found to be 2 6 meq/dry g, 2 0 
meq/dry g and 2 1 meq/dry g respectively which is much higher than the ion-
exchange capacity generally shown by the morganic ion-exchangers reported so far 
m our laboratories [20-22] Tables 2 1 (a, b, c) mdicate the maximum ion-exchange 
capacity of the matenals when 50 mmoles of acrylamide were added to a 1 Iv/v 
mixture of 4M H3PO4 and 0 05M Ce(S04)2 4H2O m case of AACeP and 0 6M 
H3PO4 and 0 3M SnCU 5H2O m case of AASnP and 100 mmoles of acrylamide 
were added to 1 1 v/v mixture of 2M H3PO4 and 0 IM Th(N03)4 5H20 Tables 
2 2(a, b, c) shows the ion-exchange capacity of the materials for various metal ions 
Further the materials (AACeP and AAThP) were obtamed m the form of sheet 
Inorganic ion-exchange papers of AAThP can be easily prepared and can be 
compared with AACeP as regards to their stability with strong reducmg agents 
This property is important m chromatographic separations where reducmg agents 
are often used as eluents or spot test reagents 
The most important feature m the synthesis of AAThP was the drymg 
temperature The material was obtamed m the form of ion-exchange paper when 
dried at 15 ±°C It was stable even upto 200°C The product dried at room 
temperature, was not found stable and melt on standmg It is a unique feature of this 
material AACeP is different in this regard It was found to be quite stable when 
dried at room temperature AASnP too was quite stable 
Thermally the material appears to be highly stable AAThP retams 90% of its 
ion-exchange capacity when heated upto 100°C while 51 % when heated upto 
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Table 2.2(a) Ion exchange capacity of acrylamide cerium (IV) phosphate for 
various metal ions. 
Metal solution 
LiNOa 
NaNOs 
KNO3 
Mg(N03)2 
Ca(N03)2 
Sr(N03)2 
Ba(N03)2 
Ion exchange capacity (meq/dry g) 
2.4 
2.6 
2.25 
2.90 
4.0 
3.0 
2.0 
Table 2.2(b) Ion exchange capacity of acrylamide thorium (IV) phosphate 
for various metal ions. 
Metal solution 
LiNOs 
NaNOs 
KNO3 
Mg(N03)2 
Ca(N03)2 
Sr(N03)2 
Ba(N03)2 
Ion exchange capacity (meq/dry g) 
1.4 
2.0 
1.76 
1.90 
2.4 
3.0 
2.1 
Table 2.2(c) Ion exchange capacity of acrylamide tin (TV) phosphate for various 
metal ions. 
Metal solution 
LiN03 
NaNOa 
KNO3 
Mg(N03)2 
Ca(N03)2 
Sr(N03)2 
Ba(N03)2 
Ion exchange capacity (meq/dry g) 
1.2 
2.1 
1.74 
1.2 
1.4 
1.0 
1.75 
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Table 2.3(a) Thermal stability of acrylamide cerium (IV) phosphate after heating to 
various temperatures for Ih. 
Drying(°C) 
temperature 
45 
100 
200 
400 
Na^ ion exchange capacity 
(meq/dry g) 
2.64 
1.8 
1.06 
0.14 
Change in 
colour 
Lemon yellow 
Yellow 
Yellow 
Creamish 
% Retention of 
i.e.c 
100.00 
68.15 
40.15 
5.30 
Table 2.3(b) Thermal stability of acrylamide thorium (IV) phosphate after heating to 
various temperatures for 1 h. 
Drying(°C) 
temperature 
45 
10 
200 
Na^ ion exchange capacity 
(meq/dryg) 
2.0 
1.8 
1.02 
Change in 
Colour 
White 
White 
Grey 
% Retention of 
i.e.c 
100.00 
90 
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Table 2.3(c) Thermal stability of acrylamide tin (TV) phosphate after heating to 
various temperatures for 1 h. 
Drying(°C) 
temperature 
45 
100 
200 
400 
600 
800 
Na"** ion exchange capacity 
(meq/dryg) 
2.1 
1.9 
1.75 
1.20 
0.8 
0.1 
Change in 
Colour 
White 
White 
Cream 
Light brown 
Brownish 
Brown 
% Retention of 
i.e.c 
100.00 
90.47 
83.33 
57.14 
38.09 
5 
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200°C (Table 2 3(b)) These values are 68 15% and 40 15% respectively for 
AACeP (Table 2 3(a)) and 90 14% and 83 33% respectively for AASnP (Table 
2 3(c)) This shows that the thermal stability of fibrous ion-exchangers is less than 
the normal morganic ion exchangers and AAThP is thermally more stable than 
AACeP 
The elution behaviour (Fig 2 l(a, b)) of AAThP is less than the AACeP The 
exchange is quite fast and almost all the H^-ions are eluted out m the first 140 ml of 
the effluent from a column of 1 0 g exchanger m AACeP and AASnP (Fig 2 1 (c)) 
and 110 ml of the effluent m AAThP The optimum concentration of the eluent was 
found to be 1 M (Fig 2 2(a, b, c)) for a complete removal of H*-ions from the above 
column 
The pH-titration curves of AACeP, AAThP and AASnP obtamed under 
equilibnum conditions are shown m (Fig 2 3(a, b, c)) for LiOH/ LiCl, NaOH/ NaCl 
and KOH/ KCl systems The curves show that the matenal releases H* ions easily 
with the addition of metal salt solutions to the system as mdicated by a low pH (~ 2) 
of the solution when no OH' were added to the system It shows strong cation 
exchange behaviour of the matenals The pH-titration curves of AACeP (Fig 
2 3(a)) show that the matenal behaves as biftmctional acid for Li"^  The bifunctional 
behaviour becomes less promment m case of the H'^ -Na"' exchange In case of H -^
K^  the exchange appears to be a monofimctional acid The value of ion-exchange 
capacity by batch process are Li"^  (3 25 meq/g) > Na"" (2 75 meq/g) > K"" (2 5 
meq/g) This discrepancy may be explamed on the basis of the hydrated radii of 
these ions which are m the order Li"^  > Na"" > K"^  A metal ion with lower hydrated 
radii may be exchanged more effectively on the exchanger surface The i e c 
determmed experimentally agrees with the value obtamed on the basis of the pH-
titration The pH-titration curves of AAThP (Fig 2 3(b)) reveal that exchange takes 
place m one step mdicatmg the monofimctional behaviour for LiOH/ LiCl, NaOH/ 
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Fig. 23(a) Equilibrium pH titration curvesof acrylamide cerium(IV)phosphate. 
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NaCl and KOH/ KCl systems. The values of the i.e.c. was found to be forNa"^  (21), 
K* (2.5) and Li^  (2.8) by the batch process while by the column process the i.e.c. 
was found to be Na"^  (2.0), K^  (1.76) and Li"^  (1-4). The pH-titration curve of 
AASnP (Fig. 2.3(c)) indicates that the material behaves as monofunctional acid for 
Li"^  showing its theoretical i.e.c. at equilibrium -2.25 meq/g. The bifimctional 
behaviour becomes less prominent in case of H^ - K^  exchange. The i.e.c. was found 
to be -2.5 meq/g. The material behaves as bifunctional acid for H"^  - Na^ showing its 
theoretical i.e.c. ~2.75 meq/g. An overall higher ion-exchange capacities for all 
the three metal ions in the batch process than in the column process, as shown in the 
potentiometric curves, may be due to the fact that an equilibrium is attained in the 
batch process. It may also be due to the presence of alkali hydroxides which 
facilitates the ion-exchange by the removal of H* ions from the external solution in 
accordance with the Le'Chatelier Principle. 
The distribution behaviour of some of the metal ions reported in Tables 
2.4(a), 2.5(a), 2.6(a) in different media shows a high selectivity for Hg(n), Pb(n) 
and Hg(II) ions for AACeP, AAThP and AASnP respectively. These are the major 
polluting metal ions and indicate their importance in the environmental studies. The 
potential of these material has also been demonstrated by achieving some important 
binary separations involving Hg(II) and Pb(II) ions respectively. For example, on 
AACeP columns, the possible separations are Hg(II)-Ni(II), Hg(n)-Cd(n), Hg(II)-
Pb(n), Pb(n)-Cd(n), as shown in Fig. 2.4(a) whUe on AAThP columns, Pb(II) has 
been separated from Cd(II), Mg(n), Hg(n) and Cu(II) as shown in Fig. 2.4(b). Also, 
the binary separation of Cd(II)- Cu(II) were achieved with reasonably low % error, 
emphasizing the above fact. On AASnP columns Hg(n) has been separated from 
Cd(n), Pb(n) and Sr(II) as shown in Fig. 2.4(c). The binary separation of Cd(II)-
Pb(n) show low % error. The results shown m Tables 2.4(b), 2.5(b) and 2.6(b) 
were found to be quite precise and reproducible. 
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Table 2.4(a) Kd values of some metal ions on acrylamide cerium (IV) phosphate in 
DMW, hydrochloric acid, nitric acid and perchloric acid media. 
Metal 
ions 
Mg(II) 
Ca(II) 
Sr(II) 
Baai) 
Pb(II) 
Mn(II) 
Cd(II) 
Cu(II) 
Co(II) 
Hg(II) 
Ni(II) 
Cr(III) 
DMW 
3333.3 
4900 
963.6 
3700 
2220 
2081 
1158 
458.0 
3042.8 
7466.6 
1418.7 
36.3 
O.OIM 
1187.5 
3000 
875 
2757 
1264.7 
1400 
828.5 
2500 
1366.7 
7466.6 
1178.0 
36.3 
HCl 
O.IM 
984.2 
2757.1 
735.7 
2475 
802.7 
860 
550 
1200 
1194 
3683 
1115 
25 
IM 
662.9 
1233 
317.8 
1772.7 
802.7 
700 
290 
800 
1122 
3683 
1095 
25 
O.OIM 
2188 
614.2 
515.7 
1772.7 
1833 
1746 
457 
2240 
1592 
5575 
1635 
50 
HNO3 
O.IM 
1273 
506.0 
200 
880.9 
1684.6 
1400 
387.5 
1060 
947.6 
5575 
1178.9 
50 
IM 
795.6 
414 
88.7 
795.6 
1264.7 
1042.8 
230 
836 
947.6 
3683 
1057 
25 
O.OIM 
2842.6 
525 
1387 
1484.6 
2800 
2081 
680 
1700 
1366 
5575 
1635 
25 
HCIO4 
O.IM 
1616 
506.0 
368 
1111.7 
792 
1614 
622 
1131 
1122 
5575 
1418 
25 
IM 
930 
505 
234.2 
880 
673.3 
860 
343 
735 
1000 
3142 
1250 
25 
Table 2.4(b) Binary separations of metal ions achieved on acrylamide cerium (IV) 
phosphate columns. 
S.No. 
1 
2 
3 
4 
Separation 
achieved 
Ml M2 
Ni(II)-Hg(II) 
Cd(II)-Hg(II) 
Pb(II)-Hg(II) 
Pb(II) - Cd(II) 
Amount loaded 
Ml 
4579.56 
4164.34 
4968.15 
4968.15 
M2 
4470.89 
5504.56 
5504.56 
4164.34 
Amount found 
Ml 
4470.89 
4395.96 
4843.94 
4968.15 
M^ 
5504.56 
5254.35 
5254.35 
3932.99 
Error (%) 
Ml 
-2.38 
+5.5 
-2.5 
0 
M2 
0 
-4.54 
-4.54 
-5.5 
Eluent used 
Ni:0.1MHCl 
Hg: IMHCl 
+ 
IMNH4CI 
Cd:lMHN03 
Hg: 1 M HCl 
+ 
IMNH4CI 
Pb:0.1MHClO4 
Hg: 1 M HCl 
+ 
IMNH4CI 
Pb:0.1MHClO4 
Cd: 1 M HNO1 
Volume 
of eluent 
(ml) 
40 
50 
40 
50 
40 
50 
40 
40 
Table 2.5(a) Kd values of some metal ions 
in DMW, hydrochloric acid, 
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on acrylamide thorium (IV) phosphate 
nitric acid and perchloric acid media. 
Metal 
ions 
Mg(II) 
Ca(II) 
Sr(II) 
Ba(II) 
Pb(II) 
Mn(II) 
Cd(II) 
Cu(II) 
Co(II) 
Hg(II) 
Ni(II) 
Fe(III) 
Cr(III) 
DMW 
320 
150 
540 
520 
2100 
140 
133.3 
90 
1050 
3900 
1900 
700 
60 
O.OIM 
200 
150 
540 
416.6 
2100 
140 
162.5 
76.6 
1050 
1900 
1800 
700 
66.6 
HCI 
O.IM 
162.5 
130.7 
433.3 
342.8 
1000 
100 
133.3 
5.5 
475 
1900 
1700 
700 
53.8 
IM 
133.5 
114.2 
357 
342.8 
633.3 
84.6 
133.3 
400 
360 
1900 
1700 
700 
33.3 
O.OIM 
200 
200 
700 
416.6 
2100 
380 
200 
80 
475 
1900 
1700 
700 
73.9 
HNO3 
O.IM 
200 
150 
540 
210 
2100 
242.8 
162.5 
60 
283.3 
1700 
1600 
700 
53.8 
IM 
133.3 
114.28 
433.3 
210 
2100 
140 
133 
50 
187.5 
1700 
1600 
700 
53.8 
1 
O.OIM 
110 
275 
700 
244.4 
2100 
118 
162.5 
70 
66.6 
1900 
1600 
700 
60 
HCIO4 
O.IM 
90.9 
200 
540 
210 
2100 
110 
110 
60 
475 
1900 
1500 
700 
66.6 
IM 
75 
150 
540 
210 
1000 
71.42 
90.9 
60 
475 
1900 
1500 
700 
37.9 
Table 2.5(b) Binary separations of metal ions achieved on acrylamide thorium (IV) 
phosphate columns. 
S.No. 
I 
2 
3 
4 
5 
Separation 
Achieved 
M, Ml 
Cd(n) -Pb(II) 
Mgai)-Pbai) 
Hgai)-Pb(II) 
cuai) - Pbai) 
Cdai) - Cu(II) 
Amount loaded 
(^g) 
M, 
1943.36 
1615.38 
2001.6 
1014.72 
1943.63 
Mz 
2185.98 
2185.98 
2185.98 
2185.98 
1014.72 
Amount found 
(^g) 
M, 
1850.82 
1576.92 
1901.57 
942.24 
1943.63 
M2 
2185.98 
2086.62 
2136.30 
2185.98 
978.98 
Error (%) 
Ml 
-4.76 
-2.38 
-5.0 
-7.1 
0 
MI 
0 
-4.54 
-2.27 
0 
-3.5 
Eluent used 
Cd:0.01M HNO3 
PbilMHNOs 
Mg:0.1MHClO4 
Pb: IMHNO3 
HgiO.lMHCl 
Pb: 1 M HNO3 
Cu:0.1MHClO4 
Pb: 1 M HNO3 
Cd:0.01MHNO3 
Cu:0.1MHClO4 
Volume 
of eluent 
(ml) 
40 
40 
50 
40 
40 
40 
30 
50 
40 
50 
Table 2.6(a) Kj values of some metal ions 
DMW, hydrochloric acid, nitric 
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on acrylamide tin (IV) phosphate in 
acid and perchloric acid media. 
Metal 
ions 
Mg(II) 
Ca(II) 
Sr(n) 
Ba(II) 
Pb(II) 
Mn(II) 
Cd(n) 
Cu(II) 
Co(II) 
Hg(II) 
Cr(III) 
DMW 
400 
1000 
500 
300 
583.33 
1750 
160 
1700 
1400 
2900 
12.5 
O.OIM 
180 
560 
275 
200 
580 
825 
160 
1700 
1400 
2900 
10.5 
HCI 
O.IM 
108.3 
560 
328 
150 
410 
640 
116.4 
1700 
650 
1400 
8 
IM 
78.5 
230 
328 
100 
115.78 
230.3 
44.4 
1700 
1100 
1400 
3.8 
O.OIM 
525 
450 
500 
150 
485.7 
640 
85.71 
1700 
650 
2900 
5.8 
HNO3 
O.IM 
400 
312.5 
328 
60 
355 
362.5 
85.71 
1700 
500 
2900 
3.8 
I M 
470.5 
175 
233 
50 
192.8 
362.5 
62.5 
800 
650 
1400 
1.8 
1 
O.OIM 
525 
230 
328.5 
75 
583.5 
416.6 
44.44 
900 
1400 
5900 
3.8 
HCIO4 
O.IM 
400 
106.25 
275 
60 
485.7 
416.6 
30 
750 
650 
5900 
1.8 
I M 
127.5 
83.33 
172.7 
50 
350 
428.5 
16.66 
700 
650 
5900 
0 
Table 2.6(b) Binary separations of metal ions achieved on acrylamide tin (IV) 
phosphate columns. 
S.No. 
1 
2 
3 
4 
Separation 
achieved 
Ml Ml 
cd( i i ) -Hgai ) 
Pb(II)- Hgai) 
Sr(II)-Hg(II) 
Cd(II) - Pb(II) 
Amount loaded 
Ml 
1465.20 
2697.6 
1481.43 
1465 
M2 
2521 
2521 
2521 
2697.68 
Amount found 
fue) 
Ml 
1426.6 
2613 
1481.43 
1426.67 
Mz 
2353.4 
7 
2521 
2479.5 
2613.3 
Error (%) 
M, 
-2.62 
-3.12 
0 
-2.62 
Ml 
-6.64 
0 
-1.6 
-3.1 
Eiuent used 
Cd: O.IM HCI 
Hg:0.1MNIl,NO3 
Pb:0.1MHClO4 
HgiO.lMNHtNOj 
Sr:0.01MHClO4 
Hg:0.1M NH4NO3 
Cd: O.IM HCI 
Pb:0.1MHClO4 
Volume 
of 
eiuent 
(ml) 
30 
40 
40 
40 
40 
50 
30 
40 
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Fig. 2.4(a) Separation of Ni(II) -Hg(II); Cd(II)- Hg(II); Pb(II) - Hg(II); - Cd(II)on 
acrylamide cerium(IV) phosphate columns: 
(a)0.1 M HCl; (b,d,f)l M HCl + 1 M NH4CI 
(e,g) 0.1 M HCIO4; (c,h) 1 M HNO3 
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3.1 INTRODUCTION 
A technique is a fundamental scientific phenomenon that has proved useful for 
providing information on the composition of substances. Analytical techniques are 
classified as classical or non-instrumental and instrumental methods. The classification 
is largely historical with classical methods, sometimes called "wet chemical methods", 
preceding instrumental methods by a century or more. Some of the classical methods 
include precipitation, extraction, distillation, titrimetry etc. These classical methods for 
separating and determining analytes still fmd use in many laboratories. The extent of 
their general application, is, however, decreasing with the passage of time and with the 
advent of instrumental methods to supplant them, kistrumental methods and their 
properties are summarized in Table 3.1. 
The use of instrumentation is an exciting and fascinating part of chemical 
analysis that interacts with all the areas of chemistry and with many other fields of 
pure and applied science. Analytical instrumentation plays an important role in the 
production and evaluation of new products and in the production of consumers and the 
environment. 
Characterization of a material by various techniques gives us an idea about the 
property and structure of the compounds. This intum gives us an insight about 
probable applications that could be explored by using these materials. 
The following pages summarize the physicochemical characterization of the 
acrylamide cerium (IV), thorium (IV) and tin (IV) phosphates (AACeP, AAThP and 
AASnP). 
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Table 3.1 Chemical and physical properties employed in instrumental methods. 
Characteristic 
Properties 
Emission of radiation 
Absorption of radiation 
Scanning of radiation 
Refraction of radiation 
Diflfraction of radiation 
Rotation of radiation 
Electrical potential 
Electrical charge 
Electrical current 
Electrical resistance 
Mass 
Mass-to-charge ratio 
Rate of reaction 
Thermal characteristics 
Radioactivity 
Instrumental methods 
Emission spectroscopy(X-ray,UV,visib le,electron Auger); 
Fluorescence, phosphorescence & luminescence(X-ray,UV 
& visible) 
Spectrophotometry & photometry (X-ray,UV, Visible,lR); 
Photoacoustic spectroscopy; NMR and ESR spectroscopy 
Turbidimetry; nephelometry; Raman spectroscopy 
Refractometry; interferometry 
X-ray and electron diffraction methods 
Polarimetry; optical rotary dispersion; circular dichroism 
Potentiometry; chronopotentiometry 
Coulometry 
Amperometry; polarography 
Conductometry 
Gravimetry (quartz crystal microbalance) 
Mass spectrometry 
Kinetic methods 
Thermal gravimetry and titrimetry; DSC; DTA; 
thermal conductometric methods 
Activation and isotope dilution methods 
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3.2 EXPERIMENTAL 
3.2.1 COMPOSITION OF THE ION-EXCHANGE MATERIALS 
100 mg of the sample was dissolved in 3-4 ml concentrated H2S04for AACeP, 
concentrated HNO3 for AAThP and concentrated HCl for AASnP and diluted upto 
100ml with demineralised water. Cerium(IV), Thorium(IV) and Tin (IV) were 
determined by atomic absorption spectrophotometer, Shimadzu model AA-640 while 
phosphate was determined spectrophotometrically by the phosphovanado molybdate 
method [1] using UV-VIS Spectrophotometer, Elico model SL 171, as follows: 
To the 10ml sample solution, taken in 100ml volumetric flask, were added 50ml 
of demineralised water, 10ml of ammonium vanadate solution (1.25g ammonium 
vanadate dissolved in 250ml DMW + 20ml concentrated HNO3, diluted to 500ml) and 
10ml ammonium molybdate solution (12.5g ammonium molybdate dissolved in 250ml 
DMW). It was then diluted upto the mark before taking its absorbance at 460nm 
against a reagent blank prepared in the same manner. 
3.2.2 ELEMENTAL ANALYSIS 
Elemental Analysis was carried out using Vario EL-in elemental analyser to 
determine the carbon, hydrogen and nitrogen contents in all the three samples, 
AACeP, AAThP and AASnP respectively. It gives us an idea about the composition of 
materials. 
3.2 J THERMAL ANALYSIS 
Thermal analysis is a group of technique in which a physical property of a 
substance and /or its reaction products is measured a function of temperature whilst the 
substance is subjected to a controlled temperature program. Thermal methods spread 
use for both quality control and research applications on industrial products such as 
polymers, pharmaceuticals, clays and minerals, metals and alloys. There are three 
major methods that use temperature changes as the independent variable. These are 
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Thermogravimetric analysis (TGA), Differential thermal analysis (DTA) and 
Differential Scanning Calorimetry (DSC). Thermal studies were performed on 
Thermoanalytical Instruments Sdt-2960 (Du Pont) in air at heating rate of 10°C min''. 
Fig. (3.1(a,b,c)) shows the thermal curves of AACeP, AAThP and AASnP 
respectively. 
3.2.3.1 THERMOGRAVIMETRIC ANALYSIS (TGA) 
When a substance is subjected to a programmed heating or cooling, it normally 
undergoes changes, which may be physical, chemical, mechanical, or magnetic in 
nature. The analysis of these changes is recorded as a function of temperature permits 
to study the composition, structure and physical or chemical behaviour. 
Thennogravimetry(TG ) is thus a measure of quantitative changes in mass 
occurring in a substance as it undergoes a controlled program of heating and cooling as 
a function of temperature or time or those maintained isothermally. Thus, the 
knowledge of thermal behaviour of material is of basic importance for understanding 
the ability of material for high temperature applications. 
3.2.3.2 DIFFERENTIAL THERMAL ANALYSIS (DTA) 
Differential thermal analysis (DTA) fmds wide use in determining the thermal 
behaviour and composition of naturally occurring and manufactured products. DTA is 
the monitoring of the difference in temperature between a sample and a reference 
compound as a function of temperature. These data can be used to study heat of 
reaction, kinetics, phase transitions, thermal stability, sample composition and purity, 
critical points and phase diagrams. DTA is a powerful and widely used tool for 
characterizing polymers. 
3.2.3.3 DIFFERENTIAL SCANNING CALORIMETRY (DSC) 
The measurement of differential power/heat input necessary to keep a sample 
and a reference substance isothermal as temperature is changed (scaimed) is the basis 
82 
of differential scanning calorimetry (DSC). It provide more precise values for the heat 
of reaction, it allows quantitative measurements of effects that have little or no heat of 
reaction, involves finite change in heat capacity as a fimction of temperature. It is more 
sensitive to heat capacity changes. 
The curve obtained is the recording of heat flow dH /dt, in meal/ sec as a 
function of temperature. The area enclosed by DSC curve peak is proportional to 
enthalpy change. The technique is used to follow the phase changes occurring in the 
material as a function of heat treatment. 
3.2.4 INFRA RED SPECTROSCOPY 
Infra red spectroscopy (IR) is one of the most common spectroscopic 
techniques used by organic and inorganic chemists. Simply it is the absorption 
measurement of different IR frequencies by a sample positioned in the path of an IR 
beam. The main goal of IR spectroscopic analysis is to determine the chemical 
functional groups in the sample. Different functional groups absorb characteristic 
frequencies of IR radiation. Using various sampling accessories, IR spectrometers can 
accept a wide range of sample types such as gases, liquids, and solids. Thus, IR 
spectroscopy is an important and popular tool for structural elucidation and compound 
identification. Infra red spectroscopy was performed by KBr disc method using Perkin 
Elmer FTIR spectrophotometer RX -1 
General uses: 
1. Identification of all types of organic and many types of inorganic 
compounds. 
2. Determination of functional groups in organic materials. 
3. Determination of the molecular composition of surfaces. 
4. Identification of chromatographic effluents. 
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5. Non-destructive method. 
6. Quantitative detennination of compounds in mixtures. 
7. Determination of molecular conformation, stereochemistry and molecular 
orientation. 
3.2.5 X-RAY DIFFRACTION STUDIES 
X-ray diffraction is a versatile analytical technique for examining crystalline 
solids, which include ceramics, metal, organic polymers, electronic materials and 
geological materials. These materials may be powdered crystals, multiplayer films, 
sheet fibers or irregular shapes, depending on the desired measurements X-ray 
diffraction studies were done on Philips X-ray B.V.diffractometer PW 3710. 
General uses: 
1 .Crystal structure determination. 
2. Phase identification. 
3. Quantitative phase analysis. 
4. Texture and stress analysis. 
5. High and low temperature pressure studies. 
3.2.6 SCANNING ELECTRON MICROSCOPY (SEM) 
hi many fields of chemistry, material science, geology and biology, detailed 
knowledge of physical nature of the surfaces of solid is of great importance. Currently, 
surface information at considerably higher resolution is obtained by three techniques: 
scanning electron microscopy (SEM), scanning tunneling microscopy (STM) and 
atomic force microscopy (AFM). The latter two methods are collectively called 
scanning probe microscopy (SPM). Scanning electron microscope, model JEOL JSM 
840, SM was used for the SEM studies. 
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3.3 RESULTS AND DISCUSSION 
On the basis of their chemical analysis (Table 3.2), the molar composition of 
Ce(IV): PO'/ ; CHziCHCONHz in the AACeP, Th(IV): PO^ : CHziCHCONHz in the 
AAThP and Sn(rV): PO^/:CH2:CHCONH2 in the AASnP were found to be 1:3:8, 
1.3:1 and 1:3:7 respectively, suggesting the following tentative formulae: 
[(Ce02)(H3P04)3(CH2:CHCONH2)]8 nHzO 
[(Th02) (H3P04)3(CH2:CHCONH2)]7- nH2O 
[(Sn02)(H3P04)3(CH2:CHCONH2)]7- nH2O 
Table 3.2 Composition of acrylamide cerium (IV), thorium (IV) and tin (FV) 
phosphates. 
Material 
AACeP 
AAThP 
AASnP 
Weight of the 
material(mg) 
100 
100 
100 
Millimoles of the« 
Ce(IV) 
0.21 
Th(IV) 
0.155 
Sn(IV) 
0.23 
POf 
0.70 
po',-
0.642 
P0^ 
0.678 
C 
0.016 
C 
0.063 
C 
0.013 
:omponent 
H 
1.62 
H 
1.34 
H 
1.6 
N 
0.077 
N 
0.09 
N 
0.06 
Mole ratio 
Ce:PO^:AA 
1 :3 8 
Th:PO' :AA 
1 : 3 : 7 
Sn: PO4" :AA 
1 : 3 :7 
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The TGA/DTG curves (Fig 3.1 (a,b,c)) show a 8.89% weight loss upto ~ 225°C, 
in AACeP while 7.5% weight loss upto ~ 150°C in AAThP and 16.4% weight loss 
upto ~ 185°C in AASnP. It may be due to the removal of external water molecules 
"n" from the exchanger. The value of " n " was calculated using Alberti equation [2]: 
lo„-X(M + 18n) 
100 
where X is the percent weight loss and (M + 18n) is the molecular weight of the 
material. Assuming the above structure to be a basic unit, the value of "n" was found 
to be ~10.1, ~ 4.77 and ~ 10.27 for AACeP, AAThP and AASnP respectively. 
hi case of AACeP, beyond 225 °C, the condensation of the material must have 
started, resulting in the dehydration due to the removal of the strongly coordinated 
water molecules from the framework of the exchanger which continues upto 510°C 
where the weight becomes almost constant. It also involves the production of Ce02 at 
450°C [3]. 
In case of AAThP, beyond 150°C, more water molecules are removed and 
around 320°C condensation process starts. Beyond this temperature there is an abrupt 
change in the curve and the retained water is eliminated upto 390°C at which the 
thorium oxide (ThOa) horizontal starts [4]. The horizontal portion after 470°C 
indicates the formation of pyrophosphate [4]. 
In case of AASnP, slow weight loss between 310°C to 400°C may be due to a 
slow decomposition process. Further weight loss between 489.3°C and 503°C may be 
due to the organic part of the material. At 500°C onwards, the smooth horizontal curve 
represents the formation of pyrophosphate phase [5]. 
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Fig. 3.1(a)TGA curve of acrylamide cerium(IV) phosphate. 
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Fig. 3.1(b) TGA,DTAand DSC curves of acrylamide thorium(IV) phosphate. 
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Fig. 3.1(c) TGA and DTA curves of acrylamide tm(IV) phosphate. 
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The IR studies show the presence of external water molecules in addition to the 
metal-oxygen and metal-OH stretching bands in the material. The IR spectrum of the 
AACeP, AAThP and AASnP (Fig. 3.2(a,b,c)) confirms the presence of various 
absorption bands at their corresponding wavelengths [6,7]. They are summarized in 
Table 3.3. 
The X-ray diffraction pattern of AACeP (Fig.3.3(a)) exhibit very sharp and well 
defined peaks indicating its well crystalline character. On the other hand the X-ray 
diffraction pattern of AAThP and AASnP (Fig. 3.3(b, c)) shows weak and noisy peaks 
indicating the poorly crystalline behaviour of the material hence an exact position of 
the crystallographic location of the cation exchange sites or site density may not be 
possible. Tables 3.4(a,b,c) summarize the X-ray diffraction data of AACeP, AAThP 
and AASnP respectively. 
AACeP and AAThP were obtained in the form of a sheet. The SEM of the 
materials show their fibrous structure (Fig. 3.4(a,b)). On the other hand, AASnP was 
obtained as granules, which confirm its non-fibrous structure. 
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Table 3.3 Infra red absorption bands of acrylamide cerium(IV), thoriuni(IV) and tin(IV) 
phosphates. 
Absorption bands 
Metal-Oxides&Metal-Hydroxides 
Phosphate group 
Water of crystallization 
C=0 amide stretching vibrations 
& other amide bands 
Wavelength (cm') 
AACeP 
628 
520 & 1050 
1634&3400 
1600 
AAThP 
626.39 
546.7«& 1074 
1610&3445.71 
1649.34 
&1382.65 
AASnP 
725.11 
520 & 1091.75 
1620 & 3375 
1668.83,1455.73 
&1372.61 
Table 3.4(a) X-ray diffraction data of acrylamide cerium (IV) phosphate. 
S.No. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
2 Theta 
7.480 
11.280 
17.500 
21.980 
26.600 
27.900 
28.22 
28.500 
28.960 
29.960 
31.980 
32.860 
33.540 
34.140 
36.500 
FWHM 
0.165 
0.329 
0.259 
0.235 
0.212 
0.165 
0.165 
0.212 
0.188 
0.188 
0.165 
0.118 
0.141 
0.259 
~ 
d value 
11.8089 
7.873 
5.0635 
4.0405 
3.3483 
3.1952 
3.1597 
3.1293 
3.0806 
2.9800 
2.7962 
2.7233 
2.6697 
2.6241 
2.4597 
Intensity 
2673 
1455 
1503 
1060 
1221 
1482 
1511 
1355 
1279 
1132 
1082 
1178 
1036 
1207 
857 
IfU 
100 
54 
56 
40 
46 
55 
57 
51 
48 
42 
40 
44 
39 
45 
32 
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Fig. 3.2(a) Infra red spectrum of acrylamide cerimii(rV) phosphate. 
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Fig. 3.2(b) Infra red spectrum of acrylamide thorium(IV) phosphate. 
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Fig.3^(c) Infrared spectrum of acrylamide tin(IV) phosphate. 
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Fig. 33(a) X-ray diffraction pattern of acrylamide cerium(rV) phosphate. 
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Table 3.4(b) X-ray diffraction data of acrylamide thorium (IV) phosphate. 
S.No. 
1 
2 
3 
4 
5 
Angle 
(28°) 
16.370 
38.565 
44.795 
47.935 
47.435 
d-value 
ol(A) 
5.4104 
2.3326 
2.0216 
2.0156 
1.9150 
d-value 
a2 (A) 
5.4239 
2.3384 
2.0266 
2.0206 
1.9198 
Peak 
width 
(29°) 
0.800 
0.060 
0.080 
0.060 
0.200 
Peak 
int 
(counts) 
2 
94 
135 
74 
2 
Back 
int. 
(counts) 
2 
2 
3 
3 
3 
ReLint. 
(%) 
1.3 
69.9 
100.0 
55.0 
1.3 
Signif. 
0.99 
2.72 
1.88 
1.40 
0.81 
Table 3.4(c) X-ray diffraction data of acrylamide tin (TV) phosphate. 
S.No. 
1 
2 
3 
4 
Angle 
(29°) 
11.725 
31.410 
38.515 
44.735 
d-value 
al (A) 
7.5413 
2.8457 
2.3355 
2.0241 
d-value 
o2 (A) 
7.5601 
2.8527 
2.3413 
2.0292 
Peak 
width 
(29°) 
0.060 
0.120 
0.200 
0. 140 
Peak 
int. 
(counts) 
7 
2 
56 
102 
Back 
int 
(counts) 
4 
2 
1 
2 
Rel. int. 
(%) 
7.1 
1.9 
55.1 
100 
Signif. 
0.98 
0.91 
3.98 
3.59 
96 
148 
120 -
Fig. 33(b) X-ray diffraction pattern of acrylamide thorium(rV) phosphate. 
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Fig. 33(c) X-ray diffraction pattern of acrylamide tin(IV) phosphate. 
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Fig. 3.4 (a) Scanning Electron micrograph of acrylamide cerium (rV)phosphate 
Fig. 3.4 (b) Scanning Electron micrograph of acrylamide thorium (iV)phosphate. 
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4.1 INTRODUCTION 
The ion-exchange materials prepared during these studies viz. AACeP, 
AAThP and AASnP possess good ion-exchange capacity and excellent chemical 
and mechanical stability relative to the inorganic ion-exchange materials [1-4]. In 
order to understand the mechanism of the ion-exchange process taking place, the 
kinetic studies of the surface phenomenon occurring on such a material is of great 
importance, hi an ion-exchange process, which is essentially redistribution of the 
exchanging counter ions subject to the restriction of electroneutralit>'-difFusion of 
counter ions give rise to a restoring electric field or diffusion potential. This 
mechanism is the basis of current ion-exchange kinetics. 
A study of kinetics of ion exchange enables us to understand the viability of 
an exchange material in separation technology. Earlier, the old Bt criterion [5] was 
used which is of limited use because of the different mobilities of the competing 
ions. The criterion is useful for the isotope-exchange process in which ions have 
similar effective diffusion coefficients. The use of the new approach based on 
Nemst-Planck equations [6] is suggested for non-isotopic ion-exchange process, 
where the fluxes of two different ionic species are coupled with one another, a 
constant inter-diflfiision coefficient cannot be employed in kinetic equation to 
describe the actual process. The kinetics of non-isotopic ion-exchange process 
involving two different ionic species with different mobilities can be better 
understood by employing the Nemst-Planck model, wherein, the interdiffusion 
coefficients depends on the two counter ions and the interdiffusion late is controlled 
by the ion which is in the minority. 
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In the present study an attempt has been made by using Nemst-Planck 
equations [7-9] to determine the various physical parameters such as self-diffusion 
coefficient (Do), energy of activation (Ea), and entropy of activation (AS*), of the 
ion-exchange processes for some alkaline earth metal ions on acrylamide cerium 
(IV), thorium (IV) and tin(IV) phosphates in H""- form. These results provide an 
insight into the mechanism of metal uptake at the ion-exchange sites of this and 
other materials of this class. 
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4.2 EXPERIMENTAL 
4.2.1 REAGENTS AND CHEMICALS 
All reagents and chemicals were of AnalaR grade. 
4.2.2 KINETIC MEASUREMENTS 
A water-bath incubator shaker having a temperature variation of ± 0.5°C was 
used for the equilibrium studies. The rates of exchange were measured by the 
limited bath technique [10] on the particles of mean radius (ro) ~ 125|im (50-70 
mesh size). A total of 20 ml fractions of the 0.03 M metal ion solutions prepared in 
DMW were shaken with 200 mg of the exchanger in several stoppered conical 
flasks at the desired temperatures (25°, 30°, 50° and 65°C) for different time 
intervals (0.5, 1.0, 2.0, 3.0 and 4.0 min). The supernatant liquid was immediately 
removed and analysed for its metal ion content by EDTA titrations [11]. 
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4.3 RESULTS AND DISCUSSION 
In this study kinetic measurements have been made which indicate that a 
particle diffusion controlled process is favoured by a high metal ion concentration, 
relatively large particle size of the exchanger and a vigorous shaking, on the surface 
of acrylamide cerium (IV), thorium (IV) and tin (IV) phosphates, for the Mg(II)-
H(I), Ca(n)-H(I), Sr(II)-H(I) and Ba(II)-H(I) exchanges. The concentration effect 
on the mechanism of exchange was studied at 30°C by taking different metal ion 
concentrations (0.01,0.02,0.03,0.04,0.05 M). The plots of i vs. time t(min) (Fig 4.1 
(a,b,c)) at metal ion concentrations > 0.03 M are straight lines passing through the 
origin, confirming particle diffusion controlled exchange at these concentrations. 
Below this concentration the film diffiision is more prominent. 
Under these conditions, the results are expressed in terms of the fractional 
attainment of equilibrium, U(x)may be expressed by the equation: 
T, amount of exchange at time' t' 
U(x) = amount of exchange at infmite time, i.e.,atequilibriian 
The plots of U(x) vs. t (in minutes) for all for metal (II) - hydrogen (I) 
exchanges (Fig.4.2(a,b,c)) indicate that the fractional attainment of the equilibrium 
is faster at a higher temperature, which suggests that the mobility of the ions 
increases with an increase in temperature. 
Although this is a limited bath system, the equation applicable to an infmite 
bath can be used here, because C V » CV, where C and Care the metal ion 
concentrations in the solution and exchanger phases respectively, whi.e V and V are 
the volumes of these two phases. Since the ion-exchanger does not swell 
significantly, the Nemst-Planck equation can be solved conveniently with some 
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0 0.5 1 
4 0.05M 
0.04M 
Fig.4.1 (a) Plots;of x versus time for M(n)-H(I) exchange using different metal ion 
solution concentration at 30°C on acrylamide cerium (IV) phosphate. 
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Fig.4.1(b) Plotsof T versus time for M(n)-H(I) exchange using different metal ion 
solution concentration at 30°C on acrylamide thorium(rV) phosphate. 
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Time (min, ) 
Fig.4.1 (c) Plotsof-c versus time for M(II)-H(I) exchange using different metal ion 
solution concentration at 30°C on acrylamide tin(IV) phosphate. 
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Time (min . ) t 
Fig.4.2(a) Plots of U(x) versus t (time) for different metal (II) - H(I) exchanges at 
different temperatures on acrylamide cerium(IV) phosphate; 
•,25°C ; o, 30°C ; A, 50°C , A, 65°C 
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Fig.4.2(b) Plots of U(t) versus t (time) for different metal (II) - H(I) exchanges at 
different temperatures on acrylamide thorium(IV) phosphate: 
• ,25°C; o,30°C; A, 50°C , A, 65°C 
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Fig.4.2(c) Plots of U(t) versus t (time) for different metal (II) - H(I) exchanges at 
different temperatures on acrylamide tin(IV) phosphate. 
•,25°C ; o, 30°C ; A, 50°C , A, 65°C 
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additional assumptions [12]. As a result, a coupled interdiffusion coefficient D^ is 
obtained whose value depends on the relative concentrations of the counter ions 'A' 
and 'B' in the exchanger phase (C^ and Cg). For C^« Cg, the interJiffiision 
coefficient assumes the value D^, 'A' being the counter ion initially present in the 
ion-exchanger phase. In the present study the exchanger is taken in IT - forri, L\ 
may be replaced by D^ . 
Thus on the basis of the Nemst-Planck equations, the niunerical resv.'ts can 
be expressed by the explicit approximation [13]: 
U(,) = {l-exp [nif,{a)i + f,{ay +fW)]P 
where x = D^t/TQ , mobility ratio a = D^ / D ^ , D^ ^ is the interdiffusion coefficient of 
the metal ion in the exchanger phase, D^ is the interdiffusion coeificicnc of the 
hydrogen ion in the exchanger phase, TQ is the particle radius and t i? the tii.ie. Ths 
three functions fi(a), f2 (a) and fa (a) depends on the mobility raHo (a) arxi the 
charge ratio ZH/ZM of the exchanging ions. Thus if the exchanger is taken in the 
H(I) form and the exchanging ion is M(II), under the conditions 1 < a < 20 ard the 
charge ratio, ZH/ZM = '/2 the three functions fi(a), fj (a) and f^ (a) can be ex,, ressed 
as: 
fi(a) = - ' 
f,(a) = -
f 3 ( a ) = -
0.64 + 0.36a°-^ ^* 
1 
0.96-2.0a°''"^ 
1 
0.27 +0.09a 1.14 
HI 
Each value of U(x) has a corresponding value of T (a dimensionless time 
parameter) as obtained earlier[14, 15] which were calculated from Nemst-Planck 
equations. The plots of T vs. time (t) at four different temperatures (Fig.4.3 (:i,b,c)) 
for metal (II) - hydrogen (I) exchanges are shown at a concentration of 0.03M 
which are straight lines passing through the origin. This confirms that the 
phenomenon is particle-difFiision controlled. The slopes (S) of such lines for all the 
metal ions are given in Tables 4.1 (a,b,c), which are related to D^ as follows: 
The values of -log DH obtained by using the above equation were plotted 
against 1 /T. These plots are straight lines as shown in (Fig.4.4 (a,b,c)) verifying the 
validity of the Arrhenius equation: 
f Ea^ 
DH = Do exp 
RT 
The pre-exponential constant, (Do) were obtained by extrapolating these 
curves and taking -log Do as -log DH at 1/T = 0. The energy of activatio.i (5a) 
values is calculated from the values of Djj(at 273K) and DQ. The entropy of 
activation (AS*) is obtained by substituting Do in the following equation: 
kT f^S*^ DO =2.72d^^^exp 
R 
where d is the ionic jump distance taken as 5 A [16], k is the Boltzmami constant, h 
is the Planck's constant, R is the gas constant and T is taken as 273K. The values of 
Do, Ea and AS* thus obtained are summarized in Tables 4.Z(a,b,c). 
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Fig. 4.3(a) Plots of T versus t (time) for different metal (II) - H(I) exchanges at 
different temperatures on acrylamide cerium(IV) pho. ohate: 
•,25°C; o, 30°C; A 50°C , A , 65°C 
113 
0.5 
0.4 
0.3 
0.2 
0.1 
-
-
Mg2 + 
^1^^^ 
^ 
^ \ ^ 
^A^^^^^^xy-"'^ 
1 1 
y 
1 2 3 4 
Time (min) 
Fig. 4.3(b) Plots of x versus t (time) for different metal (II) - H(I) exchanges at 
different temperatures on acrylamide thorium(IV) phosphate: 
•, 25°C ; o, 30°C ; A ,50°C, A, 65°C 
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Fig.4.3(c) Plots of T versus / (time) for different metal (II) - H(I) exchanges at 
different temperatures on acrylamide tin(IV) phosphate: 
•, 25°C ; o, SOT ; A ,50°C, A, 65°C 
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Table 4.1 (a) Slopes (S) of the various x vs. time plots at difTerent temperatures for the 
exchange of M(II)-H(I) on acrylamide cerium (TV) phos. .late. 
Migrating Ion 
Mg(n) 
Ca(II) 
Sr(n) 
Ba(II) 
SxlO V ' ) value at 
25° C 
16.60 
11.60 
4.10 
3.33 
30°C 
23.00 
16.60 
9.16 
6.66 
50°C 
25.80 
20.00 
13.30 
18.30 
65°C 
33.30 
23.30 
20.00 
21.60 
Table 4.1 (b) Slopes (S) of the various t vs. time plots at different temperatures for 
the exchange of M(II)-H(I) on acrylamide thorium (IV) phciphate. 
Migratinglon 
Mg(n) 
Ca(II) 
Sr(n) 
Ba(II) 
25° C 
6.60 
5.16 
7.50 
6.60 
SxlO^(s') value at 
30°C 
10.2 
8.33 
10.0 
11.6 
50 °C 
13.0 
13.3 
13.5 
16.6 
65°C 
18.30 
18.33 
15.66 
23.33 
Table 4.1(c) Slopes (S) of the various x vs. time plots at different tenc^eratures for the 
exchange of M(II)-H(I) on acrylamide tin (IV) phosphate. 
Migrating Ion 
Mg(n) 
Ca(n) 
Sr(n) 
Ba(II) 
SxlO^(s'') value at 
25°C 
13.0 
15.0 
5.0 
6.6 
30°C 
16.0 
18.3 
8.33 
11.6 
50°C 
20.0 
21.6 
11.66 
15.0 
65°C 
26 
28.3 
16.60 
23.30 
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Fig. 4.4(a) Plots of- log DH VS. 1/T (K) for : Mg(II), x ; Ca (II), o; Sr(II), 
A; Ba(II); •; on acryiamide cerium(IV) phosphate. 
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1/TKXlO"^ 
Fig. 4.4(b) Plots of- log DH versus 1/T (K) for : Mg(Il), o; Ca (II), •; Sr(II), 
A; Ba(II), A; on acrylamide thorium(IV) phosphate. 
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Fig.4.4(c) Plots of - log DH versus.l/T (K) i for : Mg(II), •; Ca (II), o; Sr(II), i ; 
Ba(II), A; on acrylamide tin(IV) phosphate. 
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Table 4.2(a) Values of the self-difiusion coefTicients, energy of activation and entropy 
of activation for the exchange of M(II) - H(I) on acrytamide cerium (F^) 
phosphate. 
Migrating 
ion 
Mg(II) 
Ca(II) 
Sr(n) 
Ba(n) 
Ionic 
mobility 
( m V s * 10*) 
5.5 
6.2 
6.2 
6.6 
Ionic 
radii 
(nm) 
0.078 
0.106 
0.127 
0.143 
Hyd rated 
ionic 
radii(nm) 
0.310 
0.200 
0.180 
0.150 
Do 
(m^ s») 
8x10-' 
4.67x10"' 
2.51 xlO'^ 
0.63x10"' 
E. 
(KJ mol"*) 
9.95 
9.15 
8.89 
6.03 
AS* 
(jK"Vor') 
-51.29 
-55.87 
-61.04 
-72.53 
Table 4.2(b) Values of the self-diffusion coefTicients, energy of activation and entropy 
of activation for the exchange of IVI(II) - H(I) on acrylamide thorium 
(rV) phosphate. 
Migrating 
ion 
Mg(n) 
Ca(II) 
Sr(n) 
Ba(II) 
Ionic 
mobility 
(m V s " ' 10*) 
5.5 
6.2 
6.2 
6.6 
Ionic 
radii 
(nm) 
0.078 
0.106 
0.127 
0.143 
Hyd rated 
ionic 
radii(nm) 
0.310 
0.200 
0.180 
0.150 
Do 
(m^ s-*) 
3.54x10"' 
3.16x10"' 
1.49x10"' 
1.18x10"' 
Ea 
(KJ mol"^ ) 
9.79 
9.54 
8.62 
8.48 
AS* 
(JK"Snor*) 
-58.18 
-59.61 
-65.34 
-67.31 
17.0 
Table 4.2(c) Values of the self-diffusion coefficients, energy of activation and entropy 
of activation for the exchange of M(II) - H(I) on acryi£;^ide tin (FV) 
phosphate. 
Migrating 
ion 
MgQJ) 
CaODO 
Sr(II) 
Ba(II) 
Ionic mobiUty 
(m^ V's'lO"^ 
5.5 
6.2 
6.2 
6.6 
Ionic 
radii 
(nm) 
0.078 
0.106 
0.127 
0.143 
Hyd rated 
ionic 
radii(nni) 
0.310 
0.200 
0.180 
0.150 
Do 
(m's*) 
22.9x10"' 
19.9x10'^ 
1.58x10'' 
3.63x10"' 
E. 
(KJmor^) 
12.33 
12.19 
12.02 
9.51 
AS* 
(jK"Vor^) 
-42.65 
-43.78 
-45.72 
-57.97 
12i 
These results show that there is a hnear relation between the Eg and AS* 
value, but as the ionic radii of the metal ion increases the energ>' of activation 
decreases (Fig.4.5(a,b,c)). These results also indicate that the entropy change 
increases in the order Ba(n) < Sr (H) < Ca (II) < Mg (II) thus showing a maximum 
entropy change being for H(I)-Mg(II) exchange. The negative values of AS* 
indicate the presence of more active sites in their structure and the process is more 
feasible on these materials when the exchanger phase is in the Fr-fonn and 
exchanged by a metal ion. 
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Fig. 4.5(a) Variation of Ej and AS* with ionic radii, hydrated ionic radii and ionic 
mobilities of the alkaline earth on acrylamide ceriujii(IV) phosphate. 
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mobilities of the alkaline earth on acrylamide thorium(IV) phosphate. 
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A new phase of hybrid material acrylamide cerium(IV) 
phosphate, prepared in the fibrous form suitable for column 
preparation has been characterized by TGA, IR, SEM and XRD 
studies. Its ion exchange behaviour, pH titrations and distribution 
behaviour have been studied. Distribution studies reveal the 
exchanger to be highly selective for Hg^* ion. As a consequence, 
some binary separations of metal ions have been achieved on a 
column of this material, demonstrating its analytical potential. 
Fibrous materials have a great promise in the 
developraeiits of new technology useful for the 
environmental chemists for the separation/removal of 
harmful ionic impurities from aqueous and gaseous 
media. They consist of monofilaments of uniform size 
ranging in diameter between 20 and 300 nm. The 
main advantage of these exchangers is that they can 
be used as conveyer belts, nets, floating mats etc. 
They are produced in various forms such as staple, 
cloth and non-woven materials and may open new 
alternatives in ion exchange processes. 
In these laboratories, the studies are in progress for 
the synthesis and characterization of fibrous ion 
exchangers. Very recently we have produced the 
acrylonitrile based cerium(IV) phosphate', 
polyacrylonitrile based thorium(IV) phosphate^, and 
polystyrene thorium(IV) phosphate\ which have 
shown selectivities for mercury(Il), lead(II) and 
cadmium(II) respectively. 
In the present study, acrylamide cerium(lV) 
phosphate (AACeP) has been synthesized and its ion 
exchange properties have been studied. The following 
pages summarize such a study. 
Experimental 
Ceric sulphate [Ce(S04)2.4H20] and acrylamide 
(CHztCHCONHz) were obtained from CDH (India) 
while phosphoric acid (H3PO4) was a Qualigens 
(India) product. All other reagents and chemicals 
were of AnalaR grade. 
Spectrophotometric deterniinatiops were carried 
out on an Elico SL 151 U.V-ViG. Spectroph-.ometer, 
while pH measurements were performed using an 
Elico Model LI-10 pH meter. X--ay diffraction 
studies were made on a Philips Analytic i' X-ray B.V. 
diffractometer type PW 170G B.V. c.d IR studies 
were carried out by the KBr disc methci. For TGA a 
Cahn thermobalance Model 7050 was ... '.. 
Decimolar solution of ceric si'.lphate «vere prepared 
in 0.5M H2SO4 and those of acr/Iaorijc''^  were prepared 
in DMW. A 4Af solution of ohc^jjl ^;^c cid v/as also 
prepared in demineralised water. 
Synthesis of ion exchange nu- '".liai 
A number of samples Oi' ctylamide ce.ium (IV) 
phosphate were preparedv.y i.ddint, one volume of 
ceric sulphate solution in t' 'o volnrnes of (1:1) a 
mixture of H3PO4 and acrylamide solution dropwise 
with constant stirring using a ma%nfttic stirrer at a 
temperature of 70±5°C. The resulting slurry obtained 
under these conditions wa^ stirred for 4 hour at this 
temperature, filtered and wasiied with demineralised 
water (pH ~ 4). Finally, the slurry was dried at room 
temperature, resulting in a sheet, which was cut into 
small pieces and converted into H'^ -form by treating 
with 1 M HNO3 for 24 hours ./ith occasional shaking 
and intermittently replacing the supernatant liquid 
with fresh acid. The ma'.'-riai thus obtained was then 
washed with demineraiized Wi.ter to remove the 
excess acid before drying nnsxily at 45°C and sieved 
to obtain particles of size 50-70 mesh. Table 1 
summarizes the synthesis of various samples of the 
material. On the basis of highest ion exchange 
capacity sample-2 was therefore, selected for further 
studies. 
Ion exchange capacity (i.e.c.) 
The ion exchange capacity (i.e.c.) of the sample 
was determined as usual by the column process taking 
1 g of the material (H*-form) in a glass tube of 
internal diameter ~ 1 cm, fittt • with a glass wool at its 
bottom. 250 mL of 1 M 1 iiNOs was used as eluant, 
maintaining a very slow flow rate (~ 0.5 mL min"'). 
The effluent was titrcted against a standard alkali 
solution to determine the total H^-ions released. The 
ion exchange caoaclty in meq g"' (dry basis) for 
various rnetal ions are reported in Table 2. 
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Elation behaviour 
The extent of elution was found to depend upon the 
concentration of the eluant. To study the effect of 
concentration on ion exchange capacity NaNOs 
solution of varying concentration (0.2-1.2 ^f) were 
passed through the column. The H*-ions thus eluted 
were titrated against a standard 0.1 M NaOH solution. 
Fig. 1 shows the variation of the H*-ions eluted out 
with different concentration of the eluant. 
The optimum concentration of the eluant for the 
complete elution of H*-ions in 250 mL NaNOs 
solution was found to be 1 M. Then a similar column 
containing 1 g exchanger was eluted with a NaNOa 
solution of 1 M concentration in different 10 mL 
fraction with minimum flow rates described above. 
This experiment was conducted to find out the 
minimum volume necessary for a complete elution of 
H*-ions. 
Thermal studies 
Several 1.0 g of the sample of the material were 
heated at various temperature in muffle furnace for 
one hour and their ion exchange capacity was 
determined by the usual column process after cooling 
them to room temperature. The results are 
summarized in Table 3. 
pH titration 
pH titrations were performed by the batch process 
using the method of Topp and Pepper" 500 mg 
portions of the exchanger in the H*-form were placed 
in each of the several 250 mL conical flasks followed 
by the equimolar solution of alkali metal chlorides 
and their hydroxides in different volume ratios, the 
final volume being 50 mL to maintain the ionic 
strength constant. The pH of the solution was 
recorded after equilibrium and was plotted against the 
milliequivalents of the OH ~ ions added. The results 
are shown in Fig. 2. 
Distribution studies 
200 mg of the exchanger in the H*-form were 
equilibrated with 20 mL solutions of different metal 
ions in different media. The initial metal ion 
concentration was so adjusted that it did not exceed 
3% of the total ion exchange capacity. The metal ions 
in the solutions before and after equilibrium were 
determined by the EDTA^ titrations and the 
distribution coefficients, Ka were calculated by the 
formula: 
where, 1 is the initial volume of EDTA used , F is the 
final volume of EDTA used.; V, is the total volume of 
the solution (ml) and M, is the amount (g) of the 
exchanger. Table 4 shows the 'C^ values of some of 
the metal ions in different media. 
Separations achieved 
200 mg of the exchanger in H*-form was used for 
binary separations in a glass tube having an internal 
diameter of ~ 0.6 cm. The column was washed 
thoroughly with demineralised water and the mixture 
to be separated was loaded ci- •^ Af'-^ .r recycling 2 or 
3 times to ensure complete aHscrp-.icn of the mixture 
on the column bead, the metal ion were el'ited at a 
flow rate ~ 2-3 drops min"', "sing eluant selected on 
the basis of Ki values obtained. '.Che metal ions in the 
effluent were determined quantitatively by EDTA 
titrations. Table 5 and Fig. 3 gives the salient features 
of the separations. 
Results and discussion 
A new fibrous crystalline inorganic ion exchanger 
(AACeP) has been developed which possesses a 
higher ion exchange capacity (2.6 me-^ /dry g) as 
compared to other inorganic materials prepared in 
these laboratories^^. Further the material is obtained 
in the form of a sheet. The SEM of the material shows 
the fibrous nature of the material. 
The thermal stability of the material appears to be 
less than the normal inorganic ion exchangers, which 
may be due to the presence of ihe organic part in its 
structure. However, on comparing the material with 
acrylonitrile cerium (IV) phosphate (ANCeP) which 
has been prepared earlier, AACeP retains 40.15% of 
its i.e.c. on heating upto 200°C v/hile ANCeP retains 
only 13.98% at this temperature. 
The elution behaviour indicates that the exchange is 
quite fast and almost all the H*-ions are eluted out in 
the first 140 mL of the effluent from a column of 1.0 
g exchanger. The optimum concentratk)n of the eluant 
was found to be 1 M (Fig.l) for a complef^ removal 
of H*-ions from the above column. 
The pH-titration studies reveal that the material 
behaves as a bifunctional acid for Li"^  showing its 
theoretical i.e.c. at equilibrium ~ 3.25 meq/g. The 
bifunctional behaviour becomes less prominent in 
case of the H -^Na'^  exchange. The i.e.c. for this is 
found to he little less (-2.75 meq/g). However, m case 
of K"^  the exchanger appears to be a rnonofunctional 
acid, i.e., the exchange process is completed in a 
sing'e step. The value of the i.e.c. further decreases in 
thi?case (~ 2.5 nneq/g). This discrepancy may be 
expl?iined on the basis of the hydrated radii of these 
ions which are in the order Li* > Na"^  > K"". A metal 
ion vith a lower hydrated radii may be exchanged 
more effectively on the exchanger surface. The i.e.c. 
determined experimentally agrees with the value 
obtained on the basis of the/7H-titration. 
Vhe TGA curve shows the removal of external 
water molecules "n", at 100°C amounting to the 
veight loss of 2.3%. Beyond 100°C an abrupt loss of 
weight of 15% may be due to the removal of the 
strongly coordinated H2O molecules from the 
framework of the exchanger which continues upto 
510°C where the weight becomes almost constant. It 
also involves the production of CeOa at 450°C'. 
The value of external H2O molecules "n" can be 
calculated with the help of molar composition of the 
material which is a separate study under progress. 
IR studies show the presence of external water 
molecules in addition to the metal-oxygen and metal-
OH stretching bands in the material. 
Absorption bands at 520 cm"' and 1050 cm"' are 
due to the presence of PO/" groups. The metal-
oxygen and metal OH bands are observed at 628 
cm"'. The absorption band at 3400 cm"' is due to the 
presence of external water molecules while the band 
at 1600 cm"' identifies the presence of amide group'". 
The X-ray diffraction pattern of material exhibit very 
sharp and well defined peaks indicating its well 
crystalline character. 
The distribution behaviour of some of the metal 
ions have been performed on AACeP column in 
different media. On the basis of these studies, the 
material was found to be highly selective for Hg^* 
which is a polluting metal ion (Table 4). The potential 
of this material has also been demonstrated by 
achieving some important binary separations such as 
Hg-Ni, Hg-Cd, Hg-Pb, Pb-Cd. The results were found 
to be quite precise and reproducible as Table 5 and 
Fig 3 shows. 
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.Table 1—Synthesis of various samples of acrylamide cerium(IV) 
phosphate 
Sample No. Millimoics of Na* ion-exchange 
acrylamide/lOOG ml ".apacity (meq/drj- g) 
AACeP-1 10 0.94 
AACcP-2 50 2.64 
AACeP-3 100 0.C2 
" AACeP-4 200 0.84 
AACeP-5 500 0.70 
Table 2— l^on exchange capacity of acrylamide cerii;m(IV) 
phosphate (AACeP-2) for various metal ions 
Metal solution Ion exchange capacity (meq/dry g) 
LiNOj 2.4 
NaNOj 2.6 
KNO3 2.25 
Mg(N03)2 2.90 
Ca(N03)j 4.0 
Sr(N03)2 3.0 
Ba(N03)2 2.0 
Table 3—^Thermal stability of acrylamide ceimm(IV) phosphcte 
after heating to vr^o' s tem jciature for 1 h 
Drying (°C) Na* ion exchange Change in % Retention 
temperature capacity cclour of i.e.c 
(meq/dry g) 
45 2.64 Lemon 100.00 
yeilow 
100 1.8 Yellow 68 15 
200 1.06 Yellow 4115 
400 0 < Creamish 5.30 
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Metal ic 
Mg(II) 
Ca(II) 
Sr(II) 
Ba{II) 
Pbdl) 
Mn{II) 
Cd(II) 
Cu(II) 
Coal) 
Hg(II) 
Ni(II) 
Cr(III) 
Table A—K,, 
ins DMW 
3333.3 
4900 
963.6 
3700 
2220 
2081 
1158 
458.0 
3042.8 
7466.6 
1418.7 
36.3 
values of some metal ions on acrylamide cerium(IV) phosphate 
0.0 IW 
1187.5 
3000 
875 
2757 
1264.7 
1400 
828.5 
2500 
1366.7 
7466.6 
1178.0 
36.3 
HCI 
0AM 
984.2 
2757.1 
735.7 
2475 
802.7 
860 
550 
1200 
1194 
3683 
1115 
25 
and 
IM 
662.9 
1233 
317.8 
1772.7 
802.7 
700 
290 
800 
1122 
3683 
1095 
25 
perchloric acid media 
0.0 IW 
2188 
614.2 
515.7 
1772.7 
1833 
1746 
457 
2240 
1592 
5575 
1635 
50 
HNOj 
O.IW 
1273 
506.0 
200 
880.9 
1684.6 
1400 
387.5 
1060 
947.6 
5575 
1178.9 
50 
in DMW, 
\M 
795.6 
414 
88.7 
795.6 
1264.7 
1042.8 
230 
836 
947.6 
3683 
1057 
25 
hydrochloric 
0.0 IW 
2842.6 
525 
1387 
1484.6 
280C 
208! 
680 
1700 
1366 
5575 
1635 
25 
acid, nitric 
HCIO3 
O.IM 
1616 
506.0 
368 
1111.7 
792 
1614 
622 
1131 
1122 
5575 
1418 
25 
acid 
IM 
930 
505 
234.2 
880 
673.3 
860 
343 
735 
1000 
3142 
1250 
2 J 
Table 5—Binary separation of metal ions achieved on acrylamide cerium (IV) phosphate columns 
s. 
No. 
1 
2 
3 
4 
Separation achieved 
M, M2 
Ni(II)-Hg(II) 
Cd(II) -Hg(ll) 
Pb(II) -Hg(II) 
Pb(II) -Cd(Il) 
Amount 1< 
M, 
4579.56 
4164.34 
4968.15 
4968.15 
jaded (|ig) 
M2 
4470.89 
5504.56 
5504.56 
4164.34 
Amount found (|ig) 
M, 
4470.89 
4395.96 
4843.94 
4968.15 
Mj 
5504.56 
5254.35 
5254.35 
3932.99 
Error (%) 
M, 
-2.38 
+5.5 
-2.5 
0 
M2 
0 
-4.54 
-4.54 
-5.5 
Eluant used 
NiiO.lAfHCl 
Hg: 1 M HCI 
1 M NH4CI 
Cd:l WHNO3 
Hg: 1 M HCI 
1 M NH4CI 
Pb:0.1WHClO4 
Hg: 1 M HCI 
+ 
1 M NH4CI 
Pb:0.1WHClO4 
Cd: 1 M HNO3 
Volume 
of eluant 
(mL) 
40 
50 
40 
50 
40 
50 
40 
40 
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9 Abstract 
10 
11 The kinetics of Mg(ll), Ca(II), SKII) and Ba(II) exchange with H(l) on acrylamide cerium(IV) phosphate, H fibrous 
12 inorganic ion exchanger, was studied applying the Nemst-Planck equations. The rate of >,. 'ad to ' '. 
13 particle diffusion controlled at a metal ion concentration ^0.03 M in aqueous medium. Vauous useful kinetic 
14 parameters such as self-difTusioncoefTicient, energy and entropy of activation have been evaluated la -rrelation has 
15 been made of those parameters with the ion exchange characteristics of the material. © 2002 Published by Elsevier 
16 Science B.V. 
17 Keyn'ords Ion exchange; Kinetics; Acrylamide; Cerium(lV) phosphate; Fibrous ion exchanger 
18 1. Introduction 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
A study of kinetics of ion exchange enables us to 
understand the viability of an exchange material in 
separation technology. Earlier, the old Bt criterion 
[1] was used for such a study [2], which is best 
applicable for an isotope-exchange process [3] in 
which ions have similar effective diffusion coeffi-
cients. However, for a true ion exchange process 
involving metal ions of different diffusion coeffi-
cients, the new approach based on Nemst-Planck 
equations [4 6] should be more relevant. Cerium-
based ion exchangers have received attention, 
because of their excellent ion exchange capacity 
and some important applications [7]. Acrylonitrile 
* Corresponding author 
based cerium(IV) phosphate prepared earlier in 32 
these laboratories has shown a gooo selectivity for 33 
heavy metal ions and repi^- cibility in ion 34 
exchange behaviour [8]. A kinetic study has also 35 
been performed on these traterials tor the ex- 36 
change of some transition an "ne metai ions 37 
applying the Nemst-Planck t^ -tions [9]. The 38 
present paper is the continuation of such a study. 39 
It summarises the results on acrylamide ceriu- 40 
m(IV) phosphate, which has shown a promising 41 
ion exchange behaviour and an extraordinary high 4 ' 
selectivity for Hg""*". 45 
2. Experimental 44 
All chemicals and reagents were of Analar 45 
grade. A water-bath incubator shaker having a 46 
0927-7765/02/S - see front matter .fj 2002 Pubhshed by Elsevier Science B.V. 
Pn.SO927-7765(02)O0I17-0 
y:/Etsevier Scicnce/Shannon/Colsub/articles/col5ub2018/COT SUB2013.3d[xl Tucsdav. ' 3 tb i^aieust 
ARTICLE IN PRESS"*^  -''*'^m»m 
KG- Varshney et al. I Colloids atidSurfaces B: Bioinlerfaces 00 (2002) 1-6 
Fig. 1. Plot of t vs. lime for M(n)-H|I) exchange usjn« 
different metal ion solution concentration al 30 "C on 
acrylantiide ceriumtfVj phosphate. 
47 temperature variation of ± 0 . 5 "C was used in the 
4S equilibrium studies. 
49 2.1. Synthesis of the ion exchange material 
50 The material was prepared by adding one 
51 volume of eerie sulphate solution in two volumes 
52 of (1:1) mixture of H3PO4 and acrylanvide solu-
53 tions dropwise with constant stinijig using a 
54 magnetic stirrer at a temperature of 70 ± 5 "C. 
55 The resulting slurry obtained under these condi-
56 tions WAS stirred for 4 h a t this temperature, 
57 filtered and washed with demineralised water 
58 (DMW) (pH =;4). Finally, the slurry was dried at 
59 room temperature resulting in to a sheet, which 
60 was cut into small pieces and converted into the 
61 H*^- form by treating with 1 M H N O 3 for 24 h 
62 with occasional shaking and intermittently repla-
63 cing the supernatant with fresh acid. T h e material 
64 thus obtained was then washed with demineraUsed 
65 water to removed excess acid before drying finally 
66 at 45 "C and sieved to obta in particles of size 5 0 -
67 70 mesh (mean radii 125 ^ ) . 
68 2.2. Kinetic measuremenis 
69 A. total of 20 ml fractions of the 0.03 M metal 
70 ion solutions prepared in D M W were shaken with 
71 200 mg of the exchanger in several stoppered 
conical ilasits at the desired t«?<Dp ' ' '5. 
50 and 65 °C) for different time mter." 
2.0, 3.0 and 4.0 rain). The supernatant 'ir, -
determined as usual by E D T A titratioivs. 
3 . Results and discussions 
As the results indicate, ? pu ' ^ 
contToyied process is favoured' oy a t' 
ion concentration, relatively large par t i 
the exchanger and a vi",orc-' shaki 
exchanging mixture. The conu_ 
the mechanism of exchange was st:i<-
by taking different metal ion coi' 4v 
0.02,0.03, 0.04, 0.05 M ) . Plots .•«• - ^ 
1) a t metal ion conceut af-
straight lines passing thr ' ' 
ing particle diffusion contn. , i .. 
concentrations. Below this Q- ^ 
diffusion is ftiore prominent. Tf-
versus t ime t (mjn) for metr , 
exchanges indicate tha t t i i ' fiaci ,, 
of the equilibrium is faster at < high . 
e 
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0 O.S 1 4 0 a s 1 
Time (min.) 
Fig. 3. Plot of r vs. / (time) for difreFentinetal(TI)-H(t) exchanges at difTerent temperatures on acrylainideoeriur.,^/)pho-p'..-'.tc: • , 
25 "C: O. 30 "C: A 50 "C. A, 65 "C. 
93 which suggests that the mobility of the ions 
94 increases with an increase in temperature Fig. 2. 
95 The results are expressed in terms of the 
96 fractional attaimnent of equilibrium, t/,^) with 
97 time according to the equation: 
the following equation [11]. .01 
C/,„ = {1 - exp[jt=(/;(a)t + / , ( a ) r ' +/3(a)t ' ) l} ' / ' 102 
where x = D^^llr^ mobility ratio, a = PJ-,., TQ, 
particle radius; / ) „ , interditfusi< n coeffivivnt of i03 
^,.= 
amount of exchange at time / 
amount of exchange at infmite time, i.e. at equilibrium 
98 Each \a\ue of £/(,j has a corresponding value of 
99 X (dimensionless time pardmeter) as obtained 
100 earlier [10], by substituting the various values in 
the mefa/ ion in the exchau; . phase and Z?„, 104 
interdiffusion coefficient ' tu hyd' ^^n ion in i05 
the exchanger phase. i06 
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Table 1 -
Slopes (S) or the various T VS. time plots at difTerent 
temperatures Tor the exchange of M(II)-H(I) on acrylamide 
cerium(IV) phosphate 
/j(a) can be expressed as: 
Migrating ion 
Mgdl) 
Cadi) 
SrdI) 
Ba(II) 
Sx 10"* (5"') 
25 "C 30 "C 
16.60 23.00 
11.60 16.60 
4.10 9.16 
.3.33 6.66 
50 X 
25.80 
20.00 
13.30 
18.30 
65 °C 
33.30 
23.30 
20.00 
21.60 
2.S 2.75 3.0 3.25 3.5 3.75 4.0 « 5 4-5 a S 5.0 
1/T*KX10"' 
Fig. 4. Plot of -log £)„ vs. l/r (K) for: Mg(ll), x; Ca (IT). O; 
Srtll). a.: BadI), • ; on acrylamide cerium(IV) phosphate. 
107 Under the conditions 1 < a < 20 and the charge 
108 ratio, ZH/ZM = 1/2, which are fulfilled in the 
109 present case, the three functions / i(a), /iC*) and 
/,(«) = - 1 0.64 + 0.36a<'«« 
/:(«) = -
/3 («) = -
1 
0.96 - 2.0a<'*>" 
1 
0.27 + 0.09a"* 
The plots of X versus tinic (/) 
temperatures (Fig. 3) for i^ . •«. 
exciiange are shown at a con ^ 
which are straight lines passing ° 
This confirms that the phenoii.- . 
diffusion controlled. The slope" (o' 
for all the metal ions are give, u' 
related to D^^ follows: 
S = 
The values of log D^^ o l : 
equation were plotted again 
are straight lines as shown i *" 
validity of the Arrhenius equi 
4, 
Z)„ = Do cxp \ RT) 
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ion of O.O: 
he origin. 
n 's particle-
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•Ic 1 which are 
114 
IIS 
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117 
IIS 
119 
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12' 
,ig " -^ove 
.ese plots 122 
•yfir.fyjni; the lyj 
'.24 
!25 
The pre-exponential constr -^^ o) <^ ob-
tained by extrapolating these ci..vef .«i taking 126 
the values of D^^ at 273 K. "^  jrgy of 127 
activation (Ea) values can L ; c " i by the 128 
use of above equation. The eni» "'ivation 129 
Table 2 
Values of the self-^ ilTusion coelTicients, energy of activation and entropy of activation for the exchange Oi' I 
cerium(IV) phosphate 
Migrating 
ion 
Ionic mobility 
(m^V-'S"' 10') 
Ionic mdii 
(nm) 
Hydrated ionic radius 
(nm) 
Mgdl) 
Cadi) 
Srdl) 
BadI) 
5.5 
6.2 
6.2 
6.6 
0.078 
0.106 
0.127 
0.143 
0.310 
0.200 
0.180 
0.150 
Da 
(m^S-') 
Ea 
(kJ l o r ' ) 
" 7) on acrylamide 
-o!-') 
8 x 1 0 - ' 
4.67 X I 0 - ' 
2.51 X I 0 - ' 
0.63 X 10"' 
9.95 
9.15 
8.89 
6 03 
-51.29 
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131 
132 
(AS*) is obtained [12] by substituting Do in the 
following equation: 
..=.,.=f»p(f) 
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where d is the ionic jump distance taken as5 k\k, 
133 the Boltzmann constant; h, the Planck's constant; 
134 R, the gas constant and T is taken as 273 K. 
135 The values of Do, Ea and AS* thus obtained 
136 are summarised in Table 2. These results show 
137 that there is a linear relation between the Ea 
138 and AS* value, but as the ionic radii of the 
139 metal ion increases the energy of acti-
140 vation decreases (Fig. 5). These results also 
141 indicate that the entropy change increases in 
142 the order. Ba(Il) < Sr(II) < Ca(II) < Mg(Il) thus 
143 showing a maximum entropy change being 
144 for H(I)-Mg(II) exchange. Selectivity studies 
145 also give the same results i.e. the exchanger 
146 is found to be selective for Mg(II) as compared 
147 with the other alkaline earth metals. The negative 
148 value of AS* indicate the presence of more active 
149 sites in its structure. 
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